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ENVIRONMENTAL TESTING AND SIMULATION

DIGITAL CONTROL OF A SHAKER TO A
SPECIFIED SHOCK SPECTRUM

James F. Unruh
Southwest Research Institute
San Antonio, Texas

A digital camputer based control system was developed for a bi-
axial electrohydraulic shaker table used for seismic qualification
testing of nuclear power plant camponents. The system drive sig-
nals were developed from a weighted linear sum of 1/6-octave psuedo
randaom noise signals. Preliminary drive signal shaping is accom-
plished through the use of a series of table mounted dummy mass
transfer functions obtained fram a previously generated data bank.
Adjustments to the drive signal are made by direct comparison of
the resulting test response spectrum (TRS) to the required response
spectrun (RRS). Drive signal shaping sequences for a 2000 1lb elec-
trical equipment control cabinet are presented to demonstrate the
effectiveness of the control system for seiasmic qualification.

weighting coefficient
frequency, Hz

gravity units

indices

discretized time variable

lower margin for TRS to RRS
match

upper margin for TRS to RRS
match

analog to digital conversion
digital to analog conversion
Fast Fourier Transform
system transfer function

table dumy mass transfer
function

nurber of input l/6-octave
bands

required response spectrum

shock response spectrum
operator

TRS = test response spectrum

Wit = build-hold-decay weighting

X(£) = input frequency spectrum

X5 (t) = exciter drive signal

Y(f) = output frequency spectrum

Ypit) = table acceleration

response

ZPA = zero period acceleration

ej = random phase angle

" = constant, 3.14159

.2 = :{;,;-ul:tave psuedo randam
INTRODUCTION

A digital camputer based control system was
developed for Southwest Research Institute's
(SWRI) biaxial electrohydraulic shaker table
used for seismic qualification testing of nucle-
ar power plant components. The overall program
objective was to reduce costs associated with
the design and qualification of nuclear power
plant canponents by decreasing control signal
resolution bandwidth to minimize component over-
test and by implementing automated procedures to




greatly reduce signal shaping time over that of
conventional analog control methods.

The criteria appropriate for the seismic
qualification of a majority of nuclear plant
camponents are specified by the plant architect
engineers in the form of a base acceleration
Required Response Spectrum (RRS). To meet the
specified criteria the Test Response Spectrum
(TRS) measured at the base of the camponent
must envelope the RRS based on a 1/6 octave
resolution. Recall that a shock response spec-
trum is a plot of peak response of a series of
single degree-of-freedom oscillators versus
oscillator natural frequency for a given criti-
cal damping ratio (see Fig. 1). The corres-

energy in the range fram 1 to 33 Hz {1]. The
duration of the input motion is usually 30
seconds with the non~-stationary character often
being synthesized by a signal build-hold-decay
envelope, 5-15-10 seconds, respectively. The
peak acceleration in the input time history is
specified by the Zero Period Acceleration (ZPA)
The ZPA is the high frequency asymptote of the
shock response spectrum. In Fig, 1 the ZPA of
the RRS is approximately 0.35 g's while the
ZPA of the TRS is stated as 0.546 g's.
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Fig. 1 - Typical response spectra

Typically, analog drive signal generation
processes generally consisted of recording
multiple band passed random noise signals onto
analog tape. The drive signals were then
scaled, summed and passed through a build-hold-
decay weighting circuit to simulate the non-
stationary character of an earthquake event as
is shown in Fig. 2. For independent biaxial
drive, signal input resolution was limited to
one octave when using a single standard 14-
channel magnetic tape. Shaping the drive sig-
nals required manual adjustment of the sumiing
potentiometers with repeated weight or
test item excitation until enveloping of the
required response spectra (horizontal and

diagram of the analog control process used on
SWRI's biaxial shaker table is given in Fig. 3.
As schematically shown in Fig. 3 the shaker
table has independent vertical and horizontal
axis control. The exciters are electrohydrau-
lic with 6-inch 20,000 1b¢ and 8-inch 10,000
1be capabilities, respectively in the vertical
ans horizontal axes.

Fig. 2 - Analog drive signal
generation process

DIGITAL CONTROL PROCESS

Digital control testing for shock simula-
tion is not a new area of development [2-5].
In fact, several minicomputer-based digital
control systems are now readily aveilable
which can rapidly and accurately reproduce
transient waveform time histories on linear
systems by use of the Favour and LeBrun tech-
nique [2]. This control technique is a
straightforward application of linear transfer
function theory wherein the desired output fre-
quency response signal, Y(f), is obtained from
the multiplication of the system transfer
function, H(f), times the input frequency spec-
trum, X(f). Thus if a frequency response out-
put spectrum and the system transfer function
is known, then an input frequency response
function can be cbtained directly as X(f) =
Y(£)MH(f). With the use of the Fast Fourier
Transform (FFT) algorithm the required time
history can then be generated. These opera-
tions work quite well fx- electramagnetic ex-
citers which are linear with respect to accel-
eration control. Due to the nonlinear response
of electrohydraulic exciters direct application
of the Favour and LeBrun method has not been
successful for electrohydraulic exciters. How-
ever, several control system methods are pres-
ently in use that compensate for the nonlinear
effects (3-5). Kao, et al, [3]) used an itera-
tive approach while updating the system trans-
fer function during the qualification test by
incrementally increasing the drive level until
a full level test was accamplished. Hunter [4)
determined the nonlinear gain characteristics
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Fig. 3 - Seiamic simulator analog control process

of the system prior to item test and used the
gain schedule to modify the drive signal.
Nichols (5] realized that an electrohydraulic
exciter is a displacement controlled device
which is quite linear with respect to dis-
placement amplitude and worked directly on
control of the displacement drive signal via
a required displacement response time history.

It must be realized that there are an in-
finite mmber of acceleration response time
histories that can produce a given shock re-
sponge spectrum. The above control procedures
operate directly on the time history and there-
fore indirectly on the ing shock re-
sponse spectrum. A problem therein arises for
producing a drive signal with excessive actua-
tor stroke. However, through an iterative
process Nichols (5] was able to systematically
modify the required acceleration time history,

that no acceptable time history can be found
vhich would lie within the exciters stroke
capability. In such case it is permissible to
reduce the low frequency response spectrum re-
quirements so long as the test item does not
exhibit resonant response in this low frequency
range,

The digital control system on SwRI'S seis-
mic simulator is an open loop system with the
operator in direct control. The input drive
signal is adjusted based directly on the match
of TRS to the RRS. The exciter displacement
drive signal is generated from the linear sum
of a series of 1/6-octave psuedo random noise
signals. Each narrow band drive signal is the
weighted sum of twenty (20) phase-shifted




cosine functions whose frequencies are uni-
formly distributed with the 1/6-octave band.
The relative phase anong the signals has a
uniform random distribution in the interval
{0-m]. The build-hold-decay (5-15-10) weight-
ing is imposed on each of the narrow band
signals to simulate the nonstationarity of an

event. The signals are generated

in the time domain as

0;(t) =W(L) ¢;() i=1,34 1)
where

_ 20

¢, (g) = jil cos [2m fij t+ eJ.], (2)
fij are the uniformly distributed frequencies
in“the ith 1/6-octave band, 6 are the uniform

random distribution of phases;, tx is a time
variable discretized at a fixed sampling rate,
and W(ty) is the build-hold-decay weighting
function (5-15-10). For the most part, each
of the generated signals appear to be non-
stationary narrow band randam. Time histories
of several of the l/6-octave band drive signals
are given in Fig., 4. Two sets of independent
narrow band (1/6-octave) drive signals were
generated, one set for each drive axis and
stored on disk for repeated use. The drive
signal for a single axis is then obtained by
a weighted sum of the individual 1/6-octave
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a; ¢i (tk)

where the a;'s are the weighting coefficients
and NB is nurber of bands for which signal
energy is to be input. Out of the thirty four
(34) 1/6-octave bands only energy input out to
the 2PA is required, usually 33 Hz.

In order to obtain an initial estimate of
the weighting coefficients for a given drive
signal, an estimate of the system transfer
function is obtained from a data bank. Table
transfer functions for both the horizontal and
vertical table axes were obtained for a series
of table mounted dummy mass configurations,
with variable center of gravity positions,
using a moderate level of continuous random
excitation. Transfer functions for the two
extreme dummy mass configurations are given in
Fig. 5. As can be seen by these transfer func-
tion data, a significant resonance occurs in
the horizontal table for a heavy mass, high
c.g. test item. It was important, therefore,
that a good estimate of the transfer function
be available prior to test item mounted table
excitation so that overtest of the item will
not occur during drive signal shaping.
Through the use of the data bank of transfer
functions an initial estimate of the table
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Fig. 7 =~ Seismic simulator digital control process

response is made ing to the flow chart
given in Fig. 6. Initially the "a" coeffic-
ients are assigned a value of 1.0 and the indi-
vidual energy bands are summed to generate the
drive signal. A frequency spectrnum is then cb-
tained via an FFT of the drive signal. The
frequency spectrum of the response is then ob-
tained fram the product of a preselected dummy
mass transfer function and the input spectrum.
The inverse FFT of the frequency response spec-
trum yields an expected table response time
history, and from the response time history an
expected TRS is calculated. The TRS is then
compared to the RRS and the "a" coefficients
are adjusted, and the process repeated until a
satisfactory matching is obtained. The a-
weighting coefficients are then stored for
future use during actual item excitation. A
drive signal for the second axis is then inde-
pendently shaped in an identical manner.

The algorithm for adjusting the a-weight-
ing coefficients is based directly on the match
of the TRS to the RRS and is mathematically
quite simple. At the onset of the signal shap-
ing operation the test operator selects desir-
able tolerances by which the TRS must match the
RRS. The lower limit (AMIN) usually requires
the TRS to exceed the RRS by 10% (AMIN = 1.1)
while the upper limit (AMAX) typically is set‘:h
at 30% (AMAX = 1,3) above the RRS, For the i—
1/6-octave band, if

mi*msmismi*mx (4)
then no adjustment in the corresponding a; is

necessary. However, if Bg. 4 is not satiffied
an adjustment of the form

Ei = ((AMAX+AMIN)/2) * (mzsi/'rmi) * a; (5
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Fig. 8 - Typical horizontal drive sequence

is made to generate a;, a modified weighting
coefficient for that . For those response
values far below the required RRS; an acceler-
ator factor can be used to insure a more rapid
convergence. In those cases where the low
frequency response requirements exceed the ex-
citer stroke capabilities, adjustment to AMIN
and AMAX or direct edit of the a; coefficients
can be made to insure a drive signal within the
shaker capabilities.

The initial shaping operation is accom=
plished totally with software resident in a
Digital Bquipment Corporation POP 11/70 mini-
camputer which services various laboratory
sites through a CAMAC (Computer Automated Mea-
surement and Control) system. The CAMAC system
provides electrical, logical, and mechanical
standards for all interface hardware which are
controlled through FORTRAN software handlers
[6]. The PDP 11/70 operates under RSX-11M, a
realtime operating system which will respond
to event-driven interrupts fram laboratory
equipment .

With preliminary signal shaping completed
the test item is mounted on the table and ex-

cited with the initial drive signals which may,
at the option of the test engineer, be reduced
to 1/2 or 1/4 level. In this manner the ef-
fects of table axis coupling and item table
interaction can be determined without jeopar-
dizing the safety of the test item. A sche-
matic of the seiamic simulator digital control
process is given in Fig. 7. The digital drive
signals are transferred initially to a 4-chan-
nel analog tape recorder via a set of digital
to analog converters (DAC) housed in a CAMAC
crate located in close proximity to the elec-
trohydraulic shaker table. The tape drive is
used mainly to preserve the drive signals for
repeated runs and to minimize the amount of
high priority run time required from the shared
PDP 11/70 minicamuter system. During excita-
tion of the test item analog to digital con-
verters (ADC) are used to obtain digitized
table response time histories fram which the
TRS's are generated. A comparison of the match
between the TRS's and RRS's is made and appro-
priate adjustments to the drive signal a-
weighting coefficients are made as in the pre-
liminary shaping operation described above.
The operation ocontinues until the matching
criteria associated with AMIN and AMAX are
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Fig. 9 Typical vertical drive sequence

satisfied.
are
of the RRS's.

Typically, at most four iterations
to insure sufficient enveloping

IYPICAL RESULTS

In Fig.'s 8 and 9 typical TRS to RRS match-
ing sequences are given, as taken fram a quali-
fication test of a 2000 lb electrical equipment
control cabinet. A picture of the cabinet on
the seiamic simulator is given in Fig. 10.

Fig. 8 shows the horizontal drive sequence.

The initial expected response from preliminary
signal shaping is shown in Fig. 8a and, as can
be seen, the expected TRS and RRS match is very
close. In the first drive sequence the effects
of the generation of higher harmonics in the
table, coupling between the two axes, and cabi-
net high frequency rattling response appears.
After three adjustments to the drive signal co-
efficients the final matching is given in Fiq.
8d4. For this particular test no drive energy
beyond 15 Hz was input, however, due to higher
harmonic generation by the mechanical table and

high frequency rattling response of the cabinet,
the high frequency spectrum could not be as
closely matched as the spectrum below 15 Hz.
It should be noted that the TRS is camputed at
the center frequency of each l/6-octave band
fram 1 to 50 Hz, Straight lines are drawn be-
tween each camputed point which may give the
impression that the TRS did not match the RRS
at all points below 15 Hz. Cloese examination
of the data will show that this is not the
case. The vertical drive sequence

ing to the horizontal sequence of Fig. 8 is
given in Fig. 9. As can be seen by these data
the generation of higher harmonic energy is
not as pronounced as in the horizontal drive.
Again the matching of the TRS to the RRS was
accanplished within three iterations.

The time required for preliminary drive
signal shaping is highly dependent on the
response of the time shared camputer system.
Typically each axis requires approximately one
hour of operator time. Final drive signal
shaping during item excitation usually requires
two to four hours depending on the scope of




Fig. 10 - Seismic gsimulator and test specimen

additional signal monitoring required to insure
item functionality during seismic excitation.
Generally all item functions are monitored dur-
ing shaping even though fractional input levels
are used initially. In this manner, a measure
of fragility may be obtained if item failure
eventually occurs.

CONCLUSIONS

A digital based control system was devel-
oped for SWRI's biaxial seismic simulator with
the abjective to minimize camponent overtest
and reduce drive signal shaping time. The dig-
ital control system, which directly adjusts the
shaker input time histories based on the match
of the resulting TRS to the RRS, has been in
operation for approximately six months. During
this time we have found that the cbjectives of
the program were successfully accamplished.

The 1/6-octave band drive signal resolution
allows for closer matching of the TRS to the
RRS than previously obtained with the analog

control system thereby minimizing item overtest.

Due to the camputer automated procedures, sig-
nal shaping time was also greatly reduced.

s
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GUNFIRE VIBRATION SIMULATION

-

ON A DIGITAL VIBRATION CONTROL SYSTEM

s e W e e

gy John Cies
e Hewlett-Packard Company
o Paramus, New Jersey
-,
e This paper describes a method of synthesizing a shaped pulse train required

C to simulate gunfire vibration. The pulse train yields the desired line
. spectrum resulting from machine gun firing vibration excitation on a typi-
s cal military aircraft. The shaped line spectrum comes directly from the
specification. The shape is determined by the location on the aircraft
and the line spacing depends upon the firing rate of the gun. In addition
to giving the line spectrum, some of the current specifications for this
vibration environment detail how to set-up the test using analog equipment.
However, this technique has some limitations as well as extraneous informa-
tion when compared to the digital system approach. A comparison of the two
s methods will be included and the extraneous data of the specification will
be discussed as it applies to the digital controller. It is also intended
to compare the digital system method to actual recorded acceleration data
taken from a test firing of one of these Gatling gums.

) Present day digital systems have the ability to acquire field measured
v data and then duplicate this data on a vihration exciter. Having ac-
quired the actual gunfire response, a comparison will also be made be-
tween the duplication of the actual response and the synthesized pulse
train. Obviously, the best approach is to use the duplicated field data.
However, field data may not be available for every equipment mounting
location on every aircraft/Gatling gun type and configuration. When ac-

Vb, tual data is not available, the next best approach should be used; the
7|ﬂ| synthesized pulse train. In any event, one point should become evident,
‘ that digital vibration control systems offer the power and flexibility

to handle some of the more 'exotic" vibration environments and with an
accuracy not available from analog systems.

. INTRODUCT ION 3. Shaped line spectrum (pulse train).

. Based upon the variety of acceptable methods of 4, Swept pulse repitition rate shaped line

'=.: performing a gunfire vibration test, it does spectrum.

o not take long to realize how formidable a prob-

) lem specifying and performing such a test can As an alternate to 2, swept narrow band random
T be. Replication of the spectral content, par- on random has been used, but it is not known
w ticularly the fundamental firing rate and its whether this is considered an acceptable alter-

N harmonics as transmitted through the structure native. These methods will be described briefly

‘ to the test package becomes the desired goal. below, iowever, the focus here is to discuss one
be However, it appears that very little data is method, the shaped line spectrum, in detail,

’ available to adequately define the environ- from two aspects: its implementation on a dig-
‘*:y ment. As a result, there are presently four ital vibration control system, and how it com-
‘V: known test methods outlined in the military pares to actual measured data from a test firing

o specifications, of a Gatling gun.

b

1. Swept sine on random.
Gyt
'§:‘ 2. Multiple narrow band swept sine on random.
B
51:&
) 11




BACKGROUND

The actual operating environment during a Gat-
ling gun firing is a quite complex combined
vibration - pulsed excitation from the gun and
structure borne noise from the engine which is
considered random in nature. Swept sine on
random approximates this combined excitation

in a very limited sense in that a discrete com-
ponent is superimposed over a shaped random
spectrum. Two obvious limitations exist for
this method:

1. Only one frequency combines with the ran-
dom as copposed to having the fundamental
firing rate and all its harmonics combined
with the random at any given instant of
time.

2. Sweeping a single frequency over the en-
tire test frequency range results in un-
necessary excitation at frequencies in
between the firing rate and its harmonics.

The multiple swept narrow band sine on random
is a closer approximation to gunfire, however,
it only includes the fundamental and the first
three harmonics. During the test, four narrow
band sine sweeps arec synchronously swept over
a ten percent bandwidth with the background
random excitation. Whether four bands is a
limitation cannot be answered in a general
sense since it depends on other factors. One
definite limitation, however, is that it re-
quires multiple sine controls in a complex
interconnection to perform this test. The
set-up time alone for this method could be
prohibitive, not to mention the equipment cost.

A reasonable alternative to this method is to
sweep narrow random bands rather than sine. A
plot of the control signal will look identical
to the swept narrow band sine on random even
though the excitation in the narrow bands is
random, not sine. One consideration for this
method is that the sweep is discrete; i.e.,
the higher level random in the narrow bands
occurs at discrete frequencies (multiples of

a f). Therefore, some frequencies in the nar-
row bands may not get excited. However, the
advantage to this method is that only one digi-
tal control system is required.

The two remaining techniques constitute a sig-
nificant departure from the rationale behind
the previous methods. For the shaped line
spectrum, the underlying assumption is that
the gunfire excitation has a much greater am-
plitude or damage potential than the random
and, therefore, the random portion can be neg-
lected. This simplifies the test by making it
a single excitation environment, but it does
not make specifying it any easier. Performing
this test with analog equipment can be rather
complicated as well. This technique will be
described in detail in the next section. The
last method is identical to the above in ap-
proach, the difference being that the funda-

mental firing rate ic swept over a narrow fre-
quency band which in turn sweeps all the har-
monics. This method is juse a bit more com-
plicated than the fixed pulse rate test since
it requires a more sophisticated waveform syn-
thesizer to sweep the pulse rate.

DISCUSSION

The specific gunfire vibration specification

to be described herein is for the M-61 machine
gun on the A-7 airplane which operates at 6,000
and 4,000 rounds per minute. The technique,
however, is applicable to any type of periodic
event for which the amplitude spectrum is known.

Before describing the digital system implementa-
tion for the shaped line spectrum gunfire, the
specification method for doing gunfire vibra-
tion will be summarized. In short, it is writ-
ten around an analog random control console
which, upon first glance, can be very misleading,
based on the digital approach. The first step
is to equalize the spectral shape using a random
noise generator (see Figure 1). However, since
g pk versus frequency is the desired output,
either some modification to the analog console
output is required to multiply gz/Hz by a f and
take the square root, or separate swept filter
analysis equipment is required. After the de-
sired shape is achieved, the random noise is
replaced with a pulse generator box that will
put out square waves of 350 microsecond duration
and occur every 10 msec. When this pulse train
is fed through the control console to the power
amplifier/shaker, the gain is adjusted to get

17 grms. These numbers are for the 6,000 rpm
(or 100 Hz pulse repetition rate) spectrum.

The misleading part of this approach is the ex-
traneous information put into the specification;
this will be explained below. For anyone with
experience in a vibration lab, this technique

is closer to art than science. Granted it gets
the intended test done with minimal additional
equipment, but there are several limitations.

l RANDOM NO 1 SE }— ANALOG
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l PULSE TRAIN l
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This laborious set-up and equalization pro-
cess must be done each time the test is
performed.

2. Unless the control accelerometer is band-
pass filtered before the rms meter read-
out, adjusting the gain for 17 grms could
result in an undertest in the defined
frequency band.

3. With fixed frequency spacing and large
filter bandwidth, the analog system may
not achieve a line spectrum for slower
gunfire rates because the condition where
two spectral lines fall into one filter
could be reached.

4. The specification requires the amplitudes
between spectral lines must be 30dB down
from the reference amplitude, yet this
cannot be controlled adequately with the
wide spacing of analog filters, and sep-
arate analysis with a finer resolution
is needed to verify this criteria.

Now for the digital approach. To start, it
should be mentioned that taking the specifica-
tion detailed above to the letter, the digital
scheme could be very difficult to sell to the
quality control inspector since no pulse gen-
erator and no 17 grms tuning are required.

The only information required to meet the in-
tent of the specification is the line spectrum
(g peak versus frequency). If the phase of
the line components is also known, then the
desired time domain waveform is totally and
uniquely determined. The pulse width and pulse
repitition rate are extraneous. The pulse
width is required to ensure that the square
wave is narrow enough to '"'ring" the highest
frequency filter in the analog console. But,
the filters in the digital fast fourier trans-
form (FFT) do not need to be excited. The
pulse repetition rate is redundant since it

is implicity specified in the frequency spacing
of the line spectrum, i.e., a spectrum with am-
plitudes spaced every 100 Hz will give a pulse
repetition rate of 1/100 Hz or every 10 msec.
Therefore, since the desired line spectrum can
be synthesized in a digital system and fourier
transformed to the time domain, the other in-
formation, pulse width, pulse repetition rate
and grms are no longer required. The process
in the digital system then is to create the
desired line spectrum, fourier transform it

to the time domain and then use the transient
vibration control (TVC) software to control
the shaker to the resulting repetitive pulse
train. By maintaining control of the exciter
to this acceleration waveform, the desired
line spectrum is achieved.

It should be pointed out here that the digi-
tal system offers some significant advantages:

1. Many more filters in the control and analy-
sis; for the 100 Hz line spectrum the FFT
spacing is 5 Hz or 20 "filters" between
spectral components.

2. The phase is specifiable and preserved.

3. The set-up process of creating the line
spectrum, tailoring the waveform, etc.,
is done only once because when the desired
spectrum is achieved, the test set-up is
saved in the digital control system and
can be run within minutes after being re-
called from the system storage area.

4. The discrete fast fourier transform uti-
lized in the digital sy:-tem is an exact
fit for the discrete line spectrum of
the gunfire vibration. The only considera-
tion is the finite portion, or where the
fourier series expansion gets truncated.
See Appendix A for a mathematical descrip-
tion and Appendix B for a general descrip-
tion of putting the line spectrum into
the system.

5. The gunfire pulse train can be generated
at one location and passed on to other
test facilities by transferring discs
with the gunfire set-ups already saved.
This could serve to standardize the test
and make it repeatable whenever the test
is performed.

Some additional considerations regarding the
digital approach should also be mentioned.

1. The line spectrum can only be specified
at multiples of delta f, in this case
S Hz. Other choices allowed by TVC are
20, 10, 2, 1, 0.5 and 0.2 Hz. The trade-
off for using the other resolution choices
becomes the maximum frequency tested to
which is 512 lines * delta f.

2. TVC only allows one control channel so
this method cannot be used for multiple
control points.

3. The pulse train cannot be superimposed
on background random vibration.

Neither of the above are considered limitations.
Gunfire vibration testing is typically per-
formed on black boxes which do not generally
require average control from multiple accel-
erometers. Also varying resolution data blocks
may be possible using external sampling tech-
niques to acquire data to pass to TVC. Future
work will include trying to use external sam-
pling techniques for gunfire vibration.

Lastly, the test specifications for this type
of test do not require superimposing random




vibration on the pulse train so it too does

not appear to be a limitation. The real prob- Flawre 3 - FOURILR TRASFOIC OF SIINESLZLD
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Figure 3 is the fourier transform of the ref-
erence spectrum in Figure 2. This is the ac-
tual reference waveform used by the transient
vibration control software (TVC) to control
the exciter. A detail of one pulse is shown
in Figure 4. The key to this approach is that

the spectral shape mentioned above plus the Flowe 5
relative phase uniquely determine the pulse CORTIUOUS V5. BISCRETE SPECTAM
shape in the time domain and by repeating this w v

pulse every 10 msec gives the line spectrum
with a spacing of 100 Hz while maintaining
the same overall shape. This is verified by O ALSE T AL TRAIn CoeEon
the comparison of one pulse versus the pulse
train in Figure 5. Notice that even though
the continuous spectrum of the single pulse -
shows some waviness, the amplitudes of both
spectra match at the multiples of 100 Hz. w\
The waviness is most likely due to the fact \m
that fourier series expansion for this pulse ™
train only goes to 2 kHz. For the purist, the o
proper continuous spectrum could be synthesized i
FFT'd to get a single pulse and then build a [
pulse train with these pulses spaced every 10 ‘
msec. However, with tolerances of +1.5dB to

*kHz and $3dB 1 to 2kHz the pulse train as s
created is well within the requirement. e
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The actual measured spectrum from the control
accelerometer is shown in Figure 6. Note that
if the 60 and 180 Hz ground loop spikes are ex-
cluded, the amplitude between components is
greater than 40dB down from the reference am-
plitude (20dB/decade) or less than 0.1lg at

the 10g pk area of the spectrum. Figure 7

is the actual time waveform on the shaker head
(the FFT of Figure 6). In the ideal case, this
pulse train should match exactly the reference
pulse train in Figure 3 since the intent is to
control the shaker to this acceleration time
history. However, the negative peaks are less
than the reference and the positive peaks are
greater than the reference. It appears, there-
fore, that the dynamic response of the shaker/
amplifier wants to make the peaks equal in
magnitude; i.e., make the waveform symmetric.
Whether this is due to the low pass filter ef-
fect (frequency roll-off) of the shaker system
preventing it from tracking the sharp rise

and fall of the negative peak or some other
limitation in the shaker system is not known.
The ground loop noise shows up as well in
Figure 7 as the larger oscillations between
peaks of the pulse train. Even though some
variations in the actual and reference pulse
trains appear, the basic shape of each pulse

is maintained which keeps the spectral shape
well within tolerance.
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To summarize, the technique has been more
than adequately demonstrated bare table to
meet the intent of the specification. Any
variation with the test item mounted has to
be treated as a fixture/test item dynamics
problem and treated accordingly. The actual
set-up time for both the 6,000 and 4,000 rpm
spectra took approximately four hours from
system turn on to running the shaker, after
the extraneous information was weeded out.

As a final check on the digital gunfire tech-
nique, the rms level was computed and found
to be 17.0 grms for the reference line spec-
trum. This should be no surprise since the
rms level is just the square root of the sum
of the squared values of the rms at each dis-
crete frequency. The actual measured level
on the C-150 bare table was 20 gmms which
also makes sense since this includes the
energy in between the line components as
shown in Figure 6. This last comparison
gives further evidence that the only perti-
nent information necessary to specify this
test is the line spectrum for the digital
system approach.

RECORDED GUNFIRE DATA

For comparison to the synthesized line spec-
trum method, acceleration data is included
from a test firing of the same gun/plane
configuration the synthesized spectrum rep-
resents. The gun was mounted on the airplane
using isolators. Data was taken in three
directions on the gun cradle and on the iso-
lated side of the mounting structure. Unfor-
tunately, the organization that has allowed
me to look at this taped data has requested
that I divulge nothing of its source, nor
identify the organization. Therefore, there
are no figures of the gun mounting configura-
tion, consequently, further description of
the test set-up is just not available.

In any event, some insights can be gained from
the data that is available. The data presented
is for the gunfire only, i.e., no engine or
other random excitation, but at a slower firing
rate (v~ 55 Hz). To start, the acceleration
time history (Figure 8a) shows a complex pulse
where the peak of each pulse varies, the re-
petition rate varies and each pulse has several
cycles of high acceleration just as expected
from a pyrotechnic event. Notice the zero
offset of the time response, this is a charac-
teristic of piezoelectric accelerometers and
makes integration to get velocity and displace-
ment impossible. The frequency content of the
pulse train (Figure 8b) does show peaks at the
firing rate and harmonics, but the amplitudes
between components is significant, particularly
at the higher frequencies. This is due pri-
marily to the fluctuation of the firing rate.
Table I summarizes the range of time domain
peaks. These values occur simultaneously in
all three directions. Figure 9 shows more
detail of one pulse for the X cradle response.
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The significant point from this figure is that
the response goes to 10 kHz (could possibly be

higher since the roll-off could be the tape

Response
Location

Moasured recorder's maximum frequency). It was not
Acceleration expected to see any response above 5 kHz,

X cradle
Y cradle
2 cradle

consequently the data shown in Figures 8, 9

%0 0 M5 y pesk and 10 have a high probability of being aliased.
120 1o 169 & besk The amplitude information of the frequency

X isolated
Y isolated
T isolated

plots, therefore, will be lower than the ac-
15 to 28 g peak M N .
15 to 35 g peak tual value. Aliasing will also cause the
15 to 38 g peak spectrum to deviate from a line spectrum as

GUR RE SPONSE
G CRADLE X AX
TRSLIENT CAPTURE

C PEAK
—

(g SE TMIN 4D CORNSPORDING SPECTACR FOR 20uuz SALE RATE during one afternoon and analyzed at a later

will the repetition rate variation found in
the data. However, to determine how much de-
viation each causes is not possible from the
data as acquired. The frequency content
above 10 kHz is most likely the background
noise level of the tape recorder;

Fraure 8 10mV/g x .06g = .6mV. The data was gathered

date and different location so that access
Fioure 8o to the data for reanalysis was not possible

prior to publication. Figure 10 shows the

isolated response on the aircraft. The
frequency response below 200 Hz is similar

to the cradle response indicating the natural

frequency of the isolator is near this fre-

— quency. As a general comparison, the grms
| ! levels of the taped data are close to the

o H 'ﬂ#ﬁ synthesized spectrum on the gun cradle, how-
ﬂ#!f___ | m ever, since aliasing is expected, actual values
' should be even closer to the synthesized value.
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l To summarize, some light was hopefully shed

on performing gunfire vibration and how digi-
tal vibration control systems can make this
test easier to specify and run with a greater
accuracy than analog systems. In closing, 1

would like to mention that the swept pulse

repetition rate gunfire is also possible on
the digital vibration control system., How-
ever, the technique was not developed in

.
100 q i

000 time for publication. A paper is planned
fourler Tronsform 1Oue 4 1 describing the details at a later date.
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It was intended as part of this effort to
duplicate the actual measured gunfire accelera-
tion pulse train on a shaker using the TVC
software. However, due to the limitations in
the data, the zero offset mentioned above and
possibly the aliasing problem as well, dupli-
cation of the recorded time waveforms was not
possible even at levels much lower than the
actual measured peaks. For the next oppor-
tunity at measuring gunfire response, the
organization that permitted access to this
data plans to use piezo-resistive accelero-
meters which will eliminate the zero offset
phenomenon and hopefully allow duplication
of the field measured time histories on a
shaker head.

REFERENCES
1. Hewlett-Packard 5427 Operating Manual.

2. Fourier Analyzer Training Manual, Ap-
plication Note 140-0.

APPENDIX A
FOURIER SERIES REVISITED

When computer based FFT analyzers were first
introduced, the term DFFT was the buzz word.
Many folks thought it represented digital
fast fourier transform since it involved a
computer when it actually meant discrete
fast fourier transform. This term was used
specifically to emphasize that the spectrums
given by this type of analyzer are discrete,
i.e., the only valid data is at the computed
frequencies and, therefore, not sure what
happens in between.

When plotting then, these DFFT analyzers just
""connect the dots'" to give the appearance of
a continuous spectrum. The discrete nature
of these analyzers comes directly from fourier

theory. To achieve a continuous spectrum,
the fourier integral must be computed from: ~
.1 7 -jwt
F(w) = -2—“ " f(t)e dt

In other words f(t) must be observed (or
measured) for all time. The resulting spec-
trum would have infinitesimal resolution,
but who has all this available time? Being
pragmatic, the measurement is made for a
finite time which gives a finite resolution,
e.g., a 0.2 sec measurement or block of
data will result in a resolution of 1/.2 or
S Hz. Measuring for a finite time gives an
approximation to the spectral content which
is called the fourier series. The pulse
train then for the desired line spectrum
can be computed by writing the fourier series
using the data in the desired line spectrum:
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x(t) = I Ajggp Sin (27100t + ¢y)
n=1
Where Ajgon = 58; Ajoon = 10g; . . . from

Figure 2.

Summing terms to 2000 Hz, the desired maximum
frequency. The frequency and ampiitude are
given in the specification, the phase can be
arbitrarily chosen. When the desired line
spectrum is entered into the analyzer and ~
fourier transformed to the time domain, the
result is x(t) which is used as the reference
waveform to run the shaker. Thus a perfect
match, a discrete frequency analyzer for
testing to a discrete spectrum.

APPENDIX B

The basic process for the digital method is
as follows:

1. Synthesize the desired line spectrum.
2. Fourier transform to the time domain.

3. Center the pulse train in the data block
so that beginning and end of the time
record are as close to zero as possible.

4. Save this data block in a disc record.

S. Load transient vibration control (TVC)
software and specify input as saved disc
record from step 4.

6. TVC asks peak g's for time record --
guess for first time.

7. For continuous output answer 1/time rec-
ord to number transients per second, i.e.,
for 100 Hz prr, the data block time rec-
ord = .200 sec, therefore, the number of
transients per second = 5.

8. TVC asks number pulses, but test requires
total time, so answer for TVC is:

_ Total time

Number pulses = .—z—m

9. Run test either bare table or system by
itself.

10. Compare measured spectrum with desired

and edit peak g's from (6) by proper ra-
tio, recheck; if okay, save the set-up.
Now, you are ready to run gunfire at any
time with just minutes of control console
set-up time.

18
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NOTE: The large calculated terminal displace-
ment can be ignored since this time domain
data block will be output continuously. It

is the opinion of the author that the detailed
step by step procedure to run the gunfire
should not be a part of this paper. However,
anyone interested in performing gunfire vibra-
tion on the 5427A or the 5451C Option 350
should contact their local Hewlett-Packard
field office.

DISCUSSION
Mr, Zurnaciyan (Northrop Electronics): Is gun-

fire vibration a forcing function in the time
domain or in the frequency domain, or is there
a random forcing function?

Mr, Cies: Your output is a time domain signal,
an acceleration waveform versus time, That is
your specification, and that is what the dig-
ital system controls to,

Mr, Zurnaciyan: How would you represent it
analytically?

Mr, Cies: It is just the sum of a Fourier se-
ries, except you don't have the phase, You
may have the five sine wt plus ten sine wt out
to however many terms you want to carry it. I
only carried it to 20 terms,

Mr, Caustin (GENRAD): Was the spectrum swept

in these tests?

Mr, Cies: No, In that particular case, it was
not, but it can be. Recently, I found out how
to sweep the gunfire, and I hope to do that.
Yes, it is possible.

Mr, Smallwood (Sandia National Laboratories):

I noticed that you blamed the smearing of the
spectrum with the high frequencies primarily
on aliasing. How much of it was caused by the
jitter and the pulse repetition rate?

Mr, Cies: You can't tell until you get data
that are not aliased; that would be the best
comparison. There is one other limitation I
forgot to mention. My ultimate goal was to
get the gunfire tape data and run that on the
shaker, but I couldn't because it was aliased,
and also, because the piezo-electric acceler-
ometers had an appareant DC off-set, I don't
know whether they saturated. I don't know the
exact phenomena, but it doesn't allow you to
get a good velocity or displacement by inte-
grating the acceleration waveform, Hopefully,
the test will be repeated with piezo-resistive
accelerometers, and with that kind of data, it
should be possible to take the tape data and
run it on the shaker,
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MEASUREMENT OF ALL COMPONENTS OF STRAIN
BY A 3-D FIBER OPTIC STRAIN GAGE

S. Edelman and C. M. Davis, Jr.
Dynamic Systems, Inc.
McLean, Virginia

anical shocks on structures.

This paper describes an instrument which has been designed, but
not yet built. A three-dimensional strain gage imbedded in the earth
furnishes a complete description of the motions in the neighborhood of
the gage. Fiber optic interferometers measure the three axial strains
and the three shear strains at a point in tems of half-wavelengths of
the laser light used. Arrays of such gages are suitable for geophysi-
cal exploration, earthquake studies, and studies of the effect of mech-
The gage is sufficiently sensitive to
monitor the motion of tectonic plates.

INTRODUCTION

A three-dimensional strain gage imbedded
in a matrix furnishes a complete description
of the motions in the neighborhood of the
gage. In this paper we present the mathemat-
ical basis and a basic arrangement of a fiber
optic three-dimensional strain gage.

Fiber optic sensors currently being de-
veloped for a variety of applications (acous-
tics, magnetics, temperature, pressure,
strain, acceleration etc.) promise increased
sensitivity, geometric flexibility, EMI/EMP
immunity, and decreased cost compared to
conventional sensors. The transduction mech-
anisms employed result in either phase or
intensity changes in the light propagating in
the core of the optical fiber. The greatest
sensitivity is realized for those devices
wvhich rely on phase changes.’»<s? The usual
matrix will be earth, Obvious applications
are:

e geophysical exploration

e earthquake studies

o the effect of explosions and other
mechanical shocks on structures

The gage provides the three axial compo-
nents of strain with more sensitivity and with
less trouble and expense than the use of three
seismometers. The three shear components are
provided simultaneously. Previously, this
information about the motion of the earth was
not available directly. The outputs can be
monitored continously so that both oscillatory
and permanent deformations can be measured.
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The technique used to measure the strain
allows determination of the time involved.
From these data, the rate of change of strain,
velocity, and acceleration or force per umit
mass can be found easily. Arrays of such
instruments can depict the details of the move-
ments of whatever volume of earth is required
in a particular investigation. For example,
the speed of motion of tectonic plates is
given as of the order of ome centimeter per
year. This is about 3.2 x 10™% micrometer
per second or, for a helium—neon laser using
light of the wavelength of 0.6328 micrometers,
this is 3.2 x 1077 radians per second.
Phase shifts as small as 1077 radians have
been measured at 10Hz using a phase-locked loop
technique. Strains corresponding to the motion
of tectonic plates could be followed in detail
by a strain gage of the kind described here
either by using a phase-locked loop technique
or by counting several fringes over intervals
of about an hour.

In the case of one plate moving parallel
to its interface with another, but pinned at
the interface, an array of these gages could
determine the distortions being developed in
all three divensions and allow an estimate of
the strain-energy that would be expended by
release of the pinning. Thus, earthquake
prediction could be based on much more inform-
ation than is available now.

DESCRIPTION

The gage consists of six linear strain
gages, each forming one edge of a distorted
tetrahedron. See Figure 1. The distorted




tetrahedron is formed by a plane cutting off
equal distances along the axes from one vertex
of a cube. Each linear strain gage consists
of an active fiber and s reference fiber-pair
wvithin a common sheath. See Figure 2. The
sheath consists of two telescoping cylinders
with knobbed and roughened projections to
couple intimately with the matrix. The active
fiber is attached to both parts of the sheath
so that the fiber extends and retracts with
the motion of the sheath. The projections of
the sheath, in turn, follow the motion of the
matrix in which they are imbedded.

One fiber of the reference pair is nom-~
inally the same length as the active fiber.
Departure from exact equality is treated
below. The length of the two fibers making up
the reference pair differ by a small amount,
ideally one-eighth of the wavelength of the
light used.

The light from the active fiber is com-
bined with the light from each of the refer-
ence fibers to form two interferometers, each
of which measures the strain in the active
fiber. The count of one interferometer either
leads or lags the count of the other depending
on the direction of motion of the active fiber,
The change from lead to lag or vice versa is
used to control the counting that provides a
measure of the strain in each direction.3.6
Recording of the motion can be done auto-
matically by counters or by a microprocessor
using well-known techniques.

Each fiber enters the sheath through the
cap of one cylinder, is wrapped several times
around a reel consisting of a thin-walled
piezoelectric cylinder with a low-friction
surface, and then leaves the sheath through
another point in the same cylinder cap. All
fibers are cemented to the cylinder cap at
entrance and exit. OQutside the sheath, all of
the fibers and the electric leads to the piezo-
electric cylinders are fastenmed together in a
bundle for mutual support and so that any
strains or temperature changes affect all
fibers equally. The reel for the active fiber
is fastened to the portion of the telescoping
sheath opposite to the entrance and exit cap
while the reels for the reference fibers are
fastened to the portion of the telescoping
sheath that bears the entrance and exit cap.
Thus, the active fiber shares the extension and
retraction of the sheath, but the reference
fibers do not. All of the reels are at least
one centimeter in radius since sharper bends
cause deterioration of the fiber and loss of
light. The knobbed and roughened projections
anchor the piezoelectric cylinders and the cap
by which the fibers enter the sheath to the
matrix,

DETAILS AND CONSTRAINTS

It is expected that the best way to imbed a
gage in the field will be worked out in
practice. However, we go through the mental
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exercise of planting a gage to show how two of
the inherent constraints can be handled. If
the data from the gage are to be useful, it is
necessary to know the orienmtation of the three
axes accurately. We assume that for a partic-
ular investigation, a gage is to be placed st a
given depth in the ground. A hole of suit-able
dismeter to the proper depth is dug with a
posthole digger or earth asuger and the bottam
leveled. A thin layer of liquid mud allowed to
dry without disturbance will provide a flat
level floor. The gage, attached by releasable
bonds to s thin tubular framework as shown in
Figure 3, is properly oriented and lowered to
the bottom of the hole while the floor is still
tacky. The hole is then backfilled carefully,
one thin layer of liquid mud at a time, to
minimize settling and disturbance of the
position of the gage. After the hole is
filled, the positions of the vertical pipes
indicate the positions of the corners, 0,A,B,C
and thus the orientation of the axes. As the
pipes are hollow, a borescope can show if they
have been bent or twisted during the back-

filling. After checking the orientation and
the pipes, the gage can be released from the
frame.

Another part of the same process occurs
because each linear gage must be able to
measure displacements that either increase or
decrease its length. To allow displacement in
either direction, each linear gage is extended
a little more than 0.5% of its length before
being fastened to the frame for insertion.
The total allowable extension of the fiber is
12 of its length., When the gage is released
from the frame, the knobs imbedded in the
earth tend to hold each linear gage imn the
extended position. Any partial recovery is
monitored by recording changes in the inter-

ferometer fringes 8o that the equilibrium
length of the active fiber in position is
known.

Fiber optic interferometers are preferable
to other kinds of strain gage for the studies
contemplated here because their greater sensi-
tivity allows the gages to be smaller and
thus, they more closely represent the motion
at a point. If a given application entails
displacements which might exceed the 1Z limit,
the effective length of the active fiber can
be increased greatly by controlling the length
of a portion of the fiber using an electrical
signal to change the circumference of the
piezoelectric reel in the sheath. This does
not obviate the advantage mentioned above since
the distance between ends of each linear gage
is not changed.

There are & number of ways to use dif-
ferent kinds of piezoelectric motion genera-
tors to provide a reservoir of optical fiber.
We will consider only a length of fiber wound
around the outer surface of a thin-walled
piezoelectric cylinder as described above. It
has been shown that the change in the circum~
ference of such a cylinder is a precise func-
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tion of the voltage applied to the cylinder.
Here we assume that a microprocessor has been
counting interference fringe passages in both
directions as well as keeping a record of the
voltage applied to the piezoelectric cylinder
so that the current length of the active fiber
is always known. If the lemgth of fiber
approaches either allowable limit, the micro-
processor applies a voltage to the piezoelec-
tric cylinder to reel fiber in or out, as
needed, to maintain the tension in the fiber
or to prevent the extension from exceeding the
limit, respectively. The record of the volt-
age applied to the piezoelectric cylinder
together with the counts of interference
fringe passages in each direction furnish the
data needed to calculate the current length of
the fiber.

Any drift due to temperature can occur
only from temperature changes which affect the
active fiber and the reference fibers differ-
ently. Since all three fibers are enclosed in
the cylinder buried im the matrix, in most
cases all will experience the same tempera-
ture. In unusual cases in which a temperature
gradient will occur inside the cylinder, fiber-
optic temperature sensors can be used to
change the circumference of the piezoelectric
reele to compensate.

CALCULATIONS

The phase shift,¢, of an optical beam of
wave number k, which occurs when the beam
propagates through an optical fiber of length
L and refractive index n is

¢ = knL 1)

where the change 4¢ is given by

26 = kal (5, + fa (2)

and 5, = A L/L is the axial strain and
2 3)

4n _ _ 0

EX [(Pn R SLt P su]

9d P72 are the Pockels coeffi-
cunts, S, is the strain perpendicular to

the axis. For constant volume S, =-1/2 5.
Substituting Plz - .12 = ,27 and n
= 1.46 into Eq. " (3) we obéain An/n--0.0SSn
and Eq. (2) becomes

Lt = 0.921(111.8ll %)
Optical phase shifts are readily measured
by means of an optical interferometer such as
the Mach Zehnder configuration shown in Figure
4, Light from a single-mode laser is intro-
duced into a single-mode fiber and divided by s
3 dB coupler® into the arms of the inter-
ferometer. The sensor arm is subjected to the
strain while the reference arm remains un-
strained. The resultant optical phase shift is

*
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converted to an intensity variation by the
second 3 dB coupler. Using a homodyne detec-
tion scheme in a phase locked loop csonfxgura-
tion, phase shifts as small as 10 radians
have been measured at 10 Hz.® For a HeNe
laser source, this corresponds, to measuring
length changes of 10™"“m (or 10 A).

Consider the electric fields E‘ and

Er corresponding to light of angular fre-
quency w in the sensor and reference arms of the
interferometer

E' - Ae-i(wtﬁb). Er - Be-i(mt) (5)

respectively. The intensity at the output of a
3 dB coupler is given by
2 2
= %* *) =
P (Es + Er)(Es + Er ) = A® + B® + 2AB cos¢,

Large phase shifts can be determined by simply
counting axis crossing and multipling byw.

The measured strain in the linear gage OA is

[(dx¢: dx)2*(:vdx)2 ‘“’dx)z]

dx

Terms in which the differentials appear to the
second power or higher can be neglected in
comparison with differentials to the first
power. Accordingly:

Sul 1/2 du
.(1+2&-) 1.2 (8)

= Exx, the strain along the x axis

By cyclic permutation:

Sop ™ eyy 9)
Soc = %2 (10)

Similarly, the measured strain in the
linear gage AB is:

Sag "
Bu . Bu 42 &v ] 2, /8 8
[(d;u» 8_,(d)( S—Ydy\ o(dy+s_y_dy—8_: dx\ o(a_:vd,( W dy ) J
AB
. 8_u dx? v dy? _ (8u Sv) dxdy
$x dx2+dy? By dx2 +dy? Sy 8x’ dx2a+dy?
since dx=dy=dz
.y,.a_uw/,a_v_y,(a_uoﬂ) (1)
8x 8y 8y 8x
2s AR xx * Lyy - ('xy
“xy = 25a8 " Soa ~ Sos (12)
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by cyclic permutation

czy = zsBc - soB - soc (13)

€x ™ 28ca = Soc ~ Soa (14)

1f dx, dy, dz are not exactly equal and if
the discrepancies are no more than 12 or so,
they do not introduce amny serious error. If
dy = dx+e , then from Eq. (11):

Sag *
du dx? L& dx2 +2e 10x _(5_u JV) dx2 + edx
5x 200x% +edx) By 2(dx2+edd) 3y §x/ 2(dx? + edx)

e.8u 1)
du Sx v 8y Gu 3v
V’sx % e “dxee st_y ’V’dxoe " *Ex
-— Cyy - _y_e c_u 3v -
Cxx+%Eyy Vz€xy Ya v Bx 8y (15)

and it can be seen that the error is of the
second order of small quantities.

Our assumption that one of the reference-
pair fibers is the same length as the active
fiber is also subject to uncertainty. From Eq.
(6), the intensity of the combined 1light is:
A, + B, + 2AB cosd. The interference
pattern of light snd dark fringes is formed as
4 changes and it can be seen that the greatest
contrast between light and dark will occur if A
= B, Thus, for best sensitivity, the light
from the 1laser should be divided equally be-
tween the two fibers aand they should be about
the same length so that the loss with distance
will be about the same. However, for modern
low-loss fibers a small discrepancy in length
will not cause any serious loss of contrast.

APPLICATIONS

Arrays of these gages could be used to
provide information about the details of the
deformations of dams, buildings, and other
structures, both in response to sudden impulses
and over long periods. The creep of masses of
earth and of glaciers could be followed.

Since each gage provides information about
the particle motion at a point, a sufficiently
large, closely-spaced array could distinguish
between waves of dilatstion, distortion,
Rayleigh and Love waves if the integrated
motion is not too coufused.

S8imilarly, arrays of these gages could be
used to furnish the raw data from which the
motions of the earth in response to different
patterns of explosions could be deduced. This

..‘".q.\.“ q‘!‘.l A0 "g‘." l.‘ ’
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information could be used to show how stresses
are propagated through the earth and exerted on
structures.
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Six linear gages are positioned along the edges
of the cube corner defined by points O, A, B,
C. The original and displaced positions of
these points are given in the table.
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Knobbed telescoping sheath imbedded in a matrix
con-tains an active fiber which extends and
contracts with the sheath and twvo reference
fibers of different length whose lengths are
fixed.
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Fiber Optic CGage is attached to a frame by re-
leasable bonds during insertion into the ground
and backfilling of the hole. The frame shows
the orientation of the buried gage.
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DISCUSSION

Mr, Favour (Boei ny): Do you have any
predicted frequency response near single ele-
ments?

Mr, Edelman: It depends on how long you make
the linear gages and how much tension you want
to use, I think, practically, you can make the
resonance anywhere in the audio range, maybe
even up to 20 or 30 kilohertz,

Mr wood (Sandia onal Laboratorjes):
Physically, what kind of dimensions are these?

Mr, Edelman: I was careful not to say that,
In working on this, I thought about something
like ten centimeters on a side, But there is
no inherent reason why you can't make it any-
where from a centimeter up to a half a meter,
If you make it too big, this nice deformation
that 1 assume, where you use only the first or-
der derivative, won't fit., But within that
limit, you can make it whatever size you like,
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REGISTRATION OF THREE SOIL STRESS GAGES AT 0 THROUGH 28 MPa (4000 psi)

Charles R. Welch
U. S. Aray Engineer Waterways Experiment Station
Corps of Eagineers
Vicksburg, Mississippi

gages, and eight SE gages.

during unloading in the sand.
other two types of gages.

occurred.

A series of static tests were conducted on three soil stress gages. The
gages tested were the currently accepted SE soil stress gage (34 MPa (5000 psi)
range), a modified high range SE (HRSE) soil stress gage (138 MPa (20,000 psi)
range), and the Waterways Experiment Station Medium Level (WML) stress gage.
The tests consisted of multiple static loadings of two different soil types
(Reid-Bedford sand and buckshot clay) which contained four HRSE gages, four WML
The loading range was from 0 to 28 MPa (4000 psi).
The test chamber was 1.17 a (46 in.) in diameter by 1.07 m (42 in.) deep.
Representative outputs from all three gage types are presented.
cern are the recorded outputs from the standard SE gages.
loading of both soil types reasonably well, but consistently over-registered
Hysteretic-type behavior was not observed on the
The results imply that for dynamic tests in some
s0ils the standard SE gage will indicate higher impulses than had actually

Of special con-
These measured the

INTRODUCTION

Recently the Waterways Experiment Sta-
tion (WES) was asked to make dynamic soil
stress measurements in a 20-MPa (3000-psi)
to 70-MPa (10,000-psi) pressure environment.
The environment was created by explosively
loading wet clay soil with a planar chemical
explosive array (i.e., FOAM HEST charge
array). Because there were no accepted soil
stress gages for uge in this pressure range,
static laboratory tests were made to examine
two experimental gages. The candidate stress
gages were the High Range SE (HRSE) soil
stress gage and the WES Medium Level (WML)
stress gage. These were tested statically in
two different soil types: one with signifi-
cant shear strength (Reid-Bedford sand) and
one with negligible shear strength (wet buck-
shot clay). The tests consisted of hydrau-
lically loading one surface of a so0il mass
containing the gages. Used as standards for
comparison during the tests were SE soil
stress gages. The SE soil stress gage has
been used for several years to measure dy-
namic and static soil stresses. Its basic
design incorporates the criteria for soil
stress gages developed by Pesttie and
Sparrow [1].

The primary purpose of this paper is to
document the hysteretic response observed on
standard SE gages and to provide tentative
explanations for this response. A secondary

25

purpose is to describe other experimental
gages and their performance.

SE SOIL STRESS GAGE

The SE soil stress gage (Figure 1) is
an adaptation from the original design by
Ingram [2] and is marketed by Kulite Semi-
conductor Products, Inc., as their Model
No. LQ-080U. It has an overall diameter of
51 wm (2.0 in.) and is 5.8 mm (0.228 in.)
thick. This provides an aspect ratio (diam-
eter to thickness ratio) greater than five.
It is made of 17-4 PH stainless steel. The
gage has a maximum stress range of 35 MPa
(5000 psi) and full-scale electrical output
of 0.7 v for 10-v excitation. The active
portion consists of two opposing diaphragms
instrumented with two semiconductor strain
gages each. These are connected in a full
bridge configuration. The active portion is
isolated from lateral loads by a steel edge
ring and is connected to this edge ring by a
1.5-sm-(0.05~in.-) thick annulus of silicone
rubber. The calculated natural frequency of
each diaphragm is about 50 kHz. Overall gage
modulus when considering the deflection of
the center of the diaphragms is calculated
to be 650 MPa (94,000 psi).

HRSE SOIL STRESS GAGE
The HRSE soil stress gage, Model
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Figure 1 - SE soil stress gage

No. LQV-080-8U (Figure 2), is another Kulite
adaptation of the original design by Ingram.
The HRSE gage is similar to the SE gage ex-
cept that the diaphragms are twice as thick
making the overall gage thickness 11.5 mm
(0.453 in.). The gage is mounted in an alumi-
num paddle by WES to provide the proper aspect
ratio for making soil stress measurements and
to isolate it from lateral loads. The paddle
also aids in gage placement and in attaching
cable protection. The gage has a linear
stress range of about 140 MPa (20,000 psi).
The calculated natural frequency is 100 kHz.
The overall modulus, considering only center
diaphragm deflection, is calculated to be
10,350 MPa (1,500,000 psi).

ALUMINGN
PADDLE

HASE GAGE
LOCATON.

11.) =
—

/
H 4

H
|
101.6 mm 22.9 -1

Figure 2 - HRSE soil stress gage in
aluminum paddle
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WML STRESS GAGE

The WML stress gage (Figure 3) is radi-
cally different from the other two stress
gages. It was originally designed to make
stress measurements in rock. The gage has
an outside diameter of 95 mm (3.75 in.) and
overall thickness of 19 mm (0.75 in.). It is
based on an original design by MAJ Richard
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Kanda, U. S. Army Corps of Engineers. The
gage consists of a series of concentric rings
loaded in compression by two thick plates.
The rings are formed by cutting grooves into
the bottom plate. The central ring is instru-
mented with longitudinal and circumferential
foil strain gages connected in a full bridge
configuration. The material used for the
gage is either high strength aluminum
(7075-T6 alloy) or a high strength steel, de-
pending on range. For these evaluation tests
aluminum was used. The overall gage modulus
for the aluminum version is about 18,600 MPa
(2,700,000 psi). Its peak stress range is
approximately 140 MPa (20,000 psi). Full-
scale electrical output is about 70 mv for
8-v excitation.

TEST DESCRIPTION

Prior to the tests, all stress gages
were calibrated statically in a hydraulic
chamber.

The geometry for the static tests in
sand and clay was the same. The tests were
conducted in a large chamber (Figure 4). A
hydraulic load was applied through a rubber
membrane to the soil surface. The outputs of
the stress gages were recorded along with the
outputs from two pressure gages which moni-
tored the hydraulic pressure.

The soil was placed within 150 mm
(6 in.) of the top of the chamber. A double-
greased liner of polyethylene was used be-
tween the soil and the chamber walls to re-
duce sidewall friction. To insure uniform
soil placement, the so0il was rained in place
for the Reid-Bedford sand and was hand-
compacted in 100-mm (4-in.) lifts for the
buckshot clay.

The stress gages were positioned in the
soil during placement of the soil as shown
in Figure 4. The gages were alternated in
the circle to preclude biasing any gage type
due to local test bed or soil stress irregu-
larities. In addition, all gages were the
same distance from the chamber walls so that
the gages in each array would be loaded in
the same fashion regardless of sidewall
friction effects. Electrical cables from
the stress gages exited the bottom of the
chamber and were connected via additional
cables to the recording station some 20 m
(70 ft) away.

For each soil type, the hydraulic load
was cycled up and down four times. The peak
hydraulic pressure for each cycle was about
28 MPa (4000 psi). The outputs from the soil
stress gages and the pressure gages were
amplified and recorded on a 32-track FM mag-
netic tape recorder. All gages were powered
by the same power supply. The recorded out-
puts were digitized for plotting by computer.

B
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Additional observations are:

1. No significant differences occurred
in the measurements in either the sand or the
clay due to gage location.

2. No changes occurred in gage response
as a result of repeated loadings.

3. In general no appreciable hysteresis
and no over- or under-registration of stress
was observed for any of the gages in the clay.

4. The WML gages exhibited a non-
linearity during the clay test below about
3.5 MPa (500 psi). This nonlinearity oc-
curred during the sand test but the electrical
noise on the hydraulic pressure gages pre-
vented its detection.

5. The WML gages tended to over-register
approximately 10 percent in sand. Over- or
under-registration during loading of the other
two gage types in sand was not observed, pos-
sibly because of the noise levels on the hy-
draulic ptessure gages.

6. A hysteretic response occurred in
the sand test on every SE gage on all four
loading cycles. In each case the SE gages
followed reasonably well the hydraulic load
during loading but over-registered during
unloading.

7. Three of the four HRSE gages suffered
apparent electrical problems during the sand
tests. The remaining gage performed satisfac-
torily and showed no hysteresis and no over-
or under-registration.

8. The WML gages did not exhibit hys-
teretic behavior in the sand.

Observations 1 and 2 indicated that the
stress environment for the different gages
was similar and that gages were probably
coupled well to the soil (i.e., no void spots
above the gages). Observation 3 combined
with Observations 5 and 6 suggests that over-
registration, under-registration, or hyster-
etic behavior of the stress gage is dependent
on the shear strength of the soil. This con-
tention is supported by the fact that cali-
bration of the gages in hydraulic fluid
(which has negligible shear stremgth) did not
produce these three types of behavior. Ob-
servation 2, the nonlinearity of the WML gage
at the low stress levels, has been observed
during the fluid calibration and is caused by
all of the supporting rings not making con-
tact with the top loading plate under initial
loading.

The electrical problems that the three
HRSE gages experienced during the sand tests
(Observation 7) is asttributed to intermittent
breaks and shorts in the electrical cables
from the test chamber to the recording
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station. The problem did not occur on the
clay tests because different cables were used
for these same gages. Although the one gage
performed satisfactorily in sand, before the
HRSE is recommended for use in sand or other
soils with significant shear strength, it
should undergo additional testing.

Observation 6, the hysteretic behavior
of the SE gage, has special significance.
The SE gage has typically been used in the
past in dynamic tests to measure peak
stress and impulse (i.e., area under the
stress-time curve). Since the WML and HRSE
gages did not exhibit hysteresis (Observa-
tions 7 and 8), it is hypothesized that the
SE gage hysteresis was not caused by locked-
in stresses from frictional effects between
the sand and the chamber walls. Since the
hysteretic behavior was observed under
static conditions, the dynamic response is
suspect.

POSSIBLE EXPLANATIONS FOR THE
SE GAGE RESPONSE

It is postulated that the diaphragms re-
mained in the partially loaded (i.e., de-
flected) position due to shear stresses which
developed in the sand. These shear stresses
were the result of the uneven vertical move-
ment of sand particles which followed the
diaphragms during loading. The sand parti-
cles moved further at the center of the gage,
while at the edges they moved very little.

In order for the diaphragms to return to the
no-load positions, the reverse must happen,
i.e., the diaphragms must push the center
sand grains up past the grains at the edges.
The resultant shear forces between the sand
particles prevented this until the surface
load was reduced. It should be noted that
the relatively soft SE gages undergo much
larger deflections and soil particle motions
than the HRSE gages or the WML gages.

The data from the static tests are in-
sufficient to confirm this hypothesis.

CONCLUSIONS

1. The WML, HRSE, and the SE stress
gages will perform satisfactorily in clay,
although the WML gage is nonlinear below
approximately 3.5 MPa (500 psi).

2. The SE soil stress gage shows
stress-dependent hysteretic behavior in sand
under static conditions. It will probably
over-register Waightly during loading in sand
and may over-register during unloading. On
dynamic tests this could cause the gage to
over-register impulse.

3. Aside from possible nonlinear
behavior at low stress levels the WML gage




performs satisfactorily in sand. It tends

to over-register about 10 percent.

4. The HRSE gage appears to perform
satisfactorily in sand, without hysteretic be-
havior and without over- or under-registering.
However, this is based on a single gage's per-
formance and should be further verified.

RECOMMENDATIONS FOR FUTURE WORK

The three stress gages tested each need
additional work. The limitations on the use
of SE gages in high shear strength soils needs
to be quantified in terms of both stress level
and shear strength.

The linearity of the WML gage needs to be
improved. This could be a quality control
problem since the degree of nonlinearity var-
ies widely with new gages. Its output also
needs to be increased. The WML gage's linear-
ity can be improved by lapping the top and
bottom plate together before assembly. Its
output can be increased by using semiconductor
strain gages in place of the foil strain gages
to instrument the central column. This would
also require increasing the overall gage
stiffness by either decreasing the area of the
grooves or by using steel for the gage body.

The HRSE soil stress gage needs further
verification in sand. It sppeared to perform
well. It has both good linearity and high
output. In soils with high shear strength
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and/or at higher stress levels, it may exhibit
the same hysteretic behavior as the SE gage.
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CABLE PROTECTION FOR GROUND SHOCK INSTRUMENTATION IN SEVERE

ENVIRONMENTS - RESULTS OF AN EVALUATION TEST

P Charles R. Welch

U. S. Army Engineer Waterways Experiment Station
Corps of Engineers

L Vicksburg, Mississippi

The results of an explosive test on two candidate cable protection systems
i for ground shock instrumentation are presented. The protection systems con-

i sisted of 1/4-in. stainless steel (304 alloy) tubing and 3/8-in. oil-filled

N hydraulic hose. The test consisted of a 3.7 m by 3.7 m FOAM HEST with a charge
2 density of 44.4 kg/m® overlying a wet clay. Fifteen cable protection channels
. were included. They ranged from 0.3 m to 1.4 m below the charge array and were
’ terminated with passive bridge resistor networks. Stress gages and shock-
isolated accelerometers in the test bed indicated peak stresses and particle

: velocities of 31MPa and 20.3 m/s, respectively. Surface airblast pressures

: of 69 MPa and surface displacements of 0.8 m were recorded. Despite this,

v ! almost all cable protection system channels survived over 100 msec. Many were
& alive posttest. Noise levels in the hydraulic hose systems during wave en-

5 gulfment were acceptable. Noise levels generated in the steel tubing systems
were almost nonexistent. Both are presented in terms of an anticipated gage's
output. Typical data return from several later tests which employed these two
systems is then reviewed. The results indicate that cable protection for
ground motion transducers, in at least this environment, need no longer be a

problea.

INTRODUCTION

The Waterways Experiment Station (WES)
was recently charged with making ground mo-
tion measurements in an extremely severe
ground shock environment produced by explo-
sively loading a wet clay with a high density
FOAM High Explosive Simulation Technique
(HEST) charge array. The environment pro-
duced survival problems, both for the ground
motion transducers and the tramsducer cables.
Initial efforts to produce instruments and
cable protection systems to make measurements
in a similar environment are described in
Ref. [1]). These efforts included the use
of aluminum tubing and oil-filled hydraulic
hose to protect instrument cable and a shock-
isolated accelerometer system to measure
particle velocity. The work was largely
successful but indicated where improvements
might be made. This led to an evaluation
test on two prospective cable protection
systems: (1) a steel tubing system suggested
by the earlier work, and (2) an oil-filled
hydrasulic hose system not tested fully on the
previous test. Both of these cable protec-
tion systems were designed to act as conduits
for a small diameter (3.2 mm) 4-conductor
(28 gage conductor) foil-shielded instrument
cable. Both were designed to withstand the
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primary ground shock environment (typically
20 to 50 msec). The evaluation test was
specifically designed to test the cable sur-
vivability and the noise generated in the
cables protected by these systems.

This paper deals with this evaluation
test. In it we will describe the cable pro-
tection systems, the evaluation test, and its
results. Typical survival rates from two
later tests are also provided.

GROUND SHOCK ENVIRONMENT

The ground shock environment of inter-
est was generated by loading a wet clay with
a FOAM HEST charge array with an explosive
charge density of about 44.4 kg/m® TNT equiv-
alent. The FOAM HEST explosive array is com~
prised of lengths of high explosive contained
in a polystyrene foam lattice and mounded
over with soil for coantainment. It is used
to explosively load large planar areas. Peak
airblast from the HEST charge ranged up to
about 150 MPa. The resulting ground shock
was characterized by the following: peak
accelerations from 10 kg to 150 kg, peak
particle velocities to 30 m/sec, surface dis-
placements to 0.7 m, and peak soil stresses
from 20 MPa to 40 MPa.




HYDRAULIC HOSE CABLE PROTECTION SYSTEM

The protection philosophy behind the
oil-filled hydraulic hose system (Figure 1)
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Figure 1 - Hydraulic hose cable
protection system

is that the hose acted as a membrane to con-
tain the o0il around the transducer cable
while the o0il actually protects the cable.
The hose used is typically used as air hose;
it is 3/8 in. in diam and is nonreinforced.

A thick machine oil was used inside the hose.
Each end of the hose was terminated with
machined potted fittings which sealed the oil
around the cable. The contained oil allowed
only hydrodynamic pressures to be transmitted
to the cable; i.e., no localized temsile or
shear stresses would occur on the cable. It
also cushioned the cable from the surrounding
acceleration environment. If the hose should
rupture during the explosive event, the oil
leaking out of the hose would provide a lu-
bricant between the cable and the soil to
minimize localized stretching of the cable.
The advantages of the hydraulic hose are:

(1) it is flexible and hence has minimum
effect on the motion of the instrument it
serves, (2) it can be had in lengths up to
about 30 m, and (3) it is easy to handle in
the field. Its disadvantages are: (1) it
offers little shear protection or protection
from the pressure environment, (3) while it
prevents localized stretching of the cable it
does not prevent overall stretching of the
cable between the potted- end fittings, and
(3) it is moderately expensive (~$3.28/m).

STEEL TUBING CABLE PROTECTION SYSTEM

The philosophy behind the steel tubing
protection system (Figure 2) is straight-
forward; it completely isolates the cable
from the stress environment. This protection
system consisted of 1/4-in. stainless steel
tubing with an inside diameter of 4.6 mm.
When used to service a ground motion in-
strument, a small slip joint was normally
incorporated in the tubing near the trans-
ducer. The slip joint allowed the tubing to
elongate up to about 130 mm during the explo-
sive event. This helped to minimize the ef-~
fect of the tubing on the transducer's motion.
The stainless steel alloy choosen for the
tubing (Stainless 304) had a fairly low-yield
strength (240 MPa) with a much higher ulti-
mate tensile strength (550 MPa). It was felt
that this property would allow the tubing to
strain easily under load without breaking.
This was borne out by static laboratory ten-
sile tests in which the tubing would normally
undergo about 30 percent strain before fail-
ure. Swagelok (commercial name) stainless
steel fittings were used to attach the tubing
to the ground motion instruments and to make
connections between tubes. Through laboratory
tests it was found that these fittings pro-
duced little, if any, stress concentration in
the tubing at the point of engagement, yet
they provided a connection which had good
tensile strength. Advantages of the steel
tubing are: (1) it offers protection for the
cable from the normal, shear, and tensile
stress, and (2) it is fairly inexpensive
(~$1.28/m for the tubing and $5.00 each for
the fittings). Its disadvantages are:

(1) it offers no protection for the cable
from the acceleration environment, (2) it is
not as easy to handle in the field as the
hydraulic hose, and (3) there is a greater
chance of it affecting the motion of the in-
strument it serves than the hydraulic hose.

EVALUATION TEST DESCRIPTION

The evaluation test was conducted on a
firing range at Ft. Polk, Louisiana. It con-
sisted of a 3.7-m by 3.7-m clay test bed

Instrument
Canister
Miniature Slip-joint
Instrument
Cable Smge/ok
Fitting 1/4” Pipe Plug
- - - -'----------------- - w'.th ’/"' HOIe
-~ - o - - > -
@-.-..—.-..—.—.—.—.—..—.—.-s asz=As3~
~
Swagelok "\ Tubing Inside
Slip-Joint to 1/4 inch
1/4 inch to Stop Slide Out 4
Steel Tubing Tubing Stee/ Tubing

Figure 2 - Steel tubing cable protection system with miniature slip joint
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Figure 3 - Schematic of test bed showing different types of cable protection channels,
trunk line, and ground shock transducer

(Figure 3) upon which was placed a FOAM HEST
explosive charge (also 3.7 m by 3.7 m). The
charge was composed of Iremite 60 explosive
placed at a charge density of 44.5 kg/m3 TNT
equivalent. A 0.76~-m thick overburden of
sand was placed over the charge to help con-
fine the explosion. In the clay test bed were
instruments to record the surface airblast
pressures aad the ground shock, as well as
candidate channels of the cable protection.
All were recorded on 32 track FM tape re-
corders during the event. Minimum throughput
frequency response for the recording system,

Table 1

including signal conditioning circuits, was
12 kHz. The various channels are listed in
the experiment matrix in Table 1.

There were fifteen cable protection
channels. These were: a Type A stainless
steel "run" and a Type B stainless steel "run"
and one hydraulic hose "run" each at the 0.3-,
0.9-, and 1.4-m depths, and one stainless
steel "loop" and one hydraulic hose "loop”
each at the 0.3-, 0.9-, and 1.4-m depths. The
cable protection runs were simply lengths of
steel tubing or hydraulic hose containing

Experiment Matrix

Time of
Type of Channel
Channel Type Transducer/ Depth Cable Failure
Designation Measurement (m) Protection (msec) Comments
R S1A Type A Steel Tubing Run 0.3 Steel Tubing 60 2.1-m separation between broken ends
R S3A " 0.9 " Did not fail
R S4.5A " 1.4 " Did not fafl
R SIB Type B Steel Tubing Run 0.3 Steel Tubing, no >100 Cable failed outside test bed and
Smail Slip Joint outside steel tubing
R S3B " 0.9 " Did not fail
R S4.5B " 1.4 " 20 Cable failed outside test bed and
outside steel tubing
R H1 Hydraulic Hose Run 0.3 Hydraulic Hose 55
R K3 " 0.9 " >100
R H&.5 " 1.4 " bid not fafl
L sl Steel Tubing Loop 0.3 Steel Tubing Did not fail
L s3 " 0.9 " "
L 54.5 " 1.4 " "
L H Hydraulic Hose Loop 0.3 Hydraulic Hose Did not fail
L W3 o 0.9 " "
L H4.5 " 1.4 " "
1 Vertical SI Accelerometer® 0.9 Steel Tubing - Failed pretest
2 Horizontal SI Acceierometer 0.82 Hydraulic Hose 35
k) Vertical SI Accelerometer 0.84 Hydraulic Hose 57
3h Vertical Hard-Mounted 0.84 Steel Tubing 28
Accelerometer
4 Vertical SI Accelerometer 0,84 Steel Tubing 14

* 51 - Shock-lsolated.




Table 1 (Concluded)

Time of
Type of Channel
Channel Type Transducer/ Depth Cable Failure
Designation Measurement {m) Protection {msec) Comments
5 Horizontal SI Accelerometer 0.80 Steel Tubing Did not fatl
Sh Horizontal Hard-Mounted 0.80 Steel Tubing 4
Accelerometer
6 Hor{zontal S1 Accelercmeter 2,06 Hydraulic Hose 60
6h Hor{zontal Hard-Mounted 2.06 Steel Tubing, no  Did not fail
Accelerometer Small Slip Joint
? Vertical ST Accelerometer 2,13 " "
?h Vertical Hard-Mounted 2,13 " "
Accelerometer
8 140 MPa SE Soil Stress 0.88 Rydraulic Hose 42
Cage
9 3(5: MPa SE Soil Stress 0.84 Hydraulic Hose Did not fail
age
10 140 MPa SE Soil Stress 0.87 Hydraulic Hose 52
Gage
11 35 MPa SE Soil Stress 0.88 Steel Tubing 4
Gage
12 WML Stress Gage* 0.89 Steel Tubing Did not fatl
13 WML Stress Gage 0.88 Steel Tubing 60
14 Air Blast Gage 0 Steel Pipe Did not fail
15 Alr Blast Gage (] *
16 Air Blast Gage 0 "
17 Alr Blast Gage o "
18 Tourmaline Crystal 0.86 None >20 Difficult to determine time of
Pressure Gage failure from records
19 Tourmaline Crystal 0.86 None >20 "

Pressure Gage

* WML - WES Medium Level.

instrument cable that ran into the test bed and fittings for the hydraulic hose and by

out the other side at the desired test depth.
The steel tubing runs were made of two 6.1-m
sections connected by small slip joints for
the A runs and by a Swagelok tube-to-tube
unions for the B runs. The hydraulic hose
runs were made from 15.2-m lengths of hy-
draulic hose terminated at either end with the
potted end fittings mentioned previously.

The cable protection loop channels were
continuous loops of cable protection. Their
purpose was to provide a test of the cable
protection system exposed only to the stress
environment beneath the explosive charge.

For these the cables were brought into and
out of the test bed via a steel trunk line
that occurred at the 1.4-m depth and termi-
nated in the test bed in a "T" section
(Figure 4). The loops of cable protection
left the T section, went up to the desired
test depth, and then went back down into the
T section and out of the test bed. The trunk
line was composed of 2-~in. schedule 80 pipe
sections connected together by large slip
joints (Figure 5) made from 3-in. schedule 80
pipe. Its purpose was to carry the cable
through the severe lateral displacement region
which occurs at the edge of the test bed dur-
ing the explosion. The purpose of the T sec-
tion was to provide an exit point for the
loop cable protection channels which would
remain stationary relative to the soil im-
mediately around it. This would prevent the
cable from being sheared off at the exit
point. The smaller cable protection was
attached to the T section via the potted

Swagelok tube-to-male pipe fittings for the
steel tubing.

All fifteen cable protection channels
were terminated outside the test bed with
passive circuits designed to simulate elec-
trically typical ground shock transducers.
These passive circuits consisted of four
350 ohm resistors connected in a full bridge
configuration. Because these circuits were
passive, and because they were located out-
side the test bed, any signals which were re-
corded on these channels were strictly the

result of the shock environment on the cables.
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All amplifier gain settings were set alike for
these channels and were made to mimic the gain
settings for a WES Medium Level (WML) stress
gage. This gage has a fairly low output

(70 mv maximum or 0.4 mv/MPa for 8~-v excita-
tion) and it was felt that these gain settings
would represent a worst case condition.

Twenty-three instruments were placed in
the test bed to measure the shock environment.
Beginning at the test bed surface were four
airblast gages to measure the explosive
cavity pressure. These were contained in
mounts designed by the Air Force Weapons
Laboratory and designated as "8-hole debris
shields." At the 0.19-a depth was a verti-
cally oriented shock-isolated (SI) acceler-
ometer to measure particle velocity. A
description of this transducer can be found
in Ref [2]. This particular gage failed
posttest. Additional SI accelerometers were
located at the 0.9-m depth (two oriented hori-
zontally and two oriented vertically) and at
the 2.1-m depth (ome horizontal and one ver-
tical). Hard-mounted accelerometers to mea-
sure the acceleration were located at the
0.9-m depth (one horizontal, one vertical)
and at the 2.1-m depth (one horizontal, one
vertical). The hard-mounted accelerometers,
like the SI accelerometers, were housed in
aluminum canisters to protect theam from the
pressure environment. Soil pressure and soil
stress measurements were made using eight
gages, all at the 0.9-m depth. These were:
two 35 MPa range SE soil stress gages (Kulite
Model LQ-080UH), two 140 MPa range SE soil
stress gages (Kulite Model LQV-080-8U), two
WML stress gages, and two tourmaline crystal
(PE) pressure gages. Ref. [3] provides a
description of the 35-MPa SE stress gage.

All the other pressure and stress gages are
described in Ref. [2). The PE pressure gages
were housed in oil-filled 0.3-m sections of
1-in.-diam Tygon tubing. The o0il provided
coupling between the PE pressure gages and
the soil stress.

The cables to all of the transducers,
except the airblast gages and the PE gages,
were protected by one of the two cable
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protection systems. This was necessary, not
only for channel survival but also to test the
interface between the cable protection systems
and the gages or canisters. The cables to
these gages entered the test bed through the
steel trunk line, left the trunk line at the

T section and entered the smaller cable pro-
tection, which in turn carried these up to

the associated gages.

The airblast gages had their cables pro-
tected inside 1-in. schedule 80 steel pipe
that extended out beyond the test bed. The PE
gages, which utilized low-noise (i.e., shock-
resistant) coaxial cable, did not have any
cable protection.

TEST RESULTS

The test bed surface was displaced down-
ward by the explosion about 0.8 m. Peak air-
blast measured at the surface ranged from
52 MPa to 150 MPa. A typical airblast and
airblast-impulse (i.e., area under the air-
blast curve) wave form is shown in Figure 6.
In the figure "zero time" is the time at which
the detonation of the explosive charge was
initiated. Peak accelerations throughout the
test bed were in the kg range with 20,000 g
vertical acceleration being recorded at the
0.9-m depth (Figure 7) and 10,000 g horizontal
acceleration being recorded at the 2.1-m depth
(Figure 8) being typical.

Messured peak horizontal particle veloc-
ities were less than 9 msec. The velocity
wave form derived from the hard-mounted ac-
celerometer at the 2.1-m depth is shown in
Figure 9. Vertical particle velocities ranged
from 16.5 msec at the 0.9-m depth to 12.7 msec
at the 2.1-m depth. A sample of the velocity
wave forms derived from the SI accelerometers
is shown in Figure 10. Recorded peak soil
stresses, all from the 0.9-m depth, ranged up
to 103 MPa, although the more believable rec-
ords indicate peak soil stresses and pressures
of about 31 MPa (Figure 11). The disparity
between these peak values may be the result
of the acceleration effects on some of the
stress gages.
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CHANNEL SURVIVAL RATES

The survival times for the different
channels are shown in Table 1. While the sur-
vival rates for both the ground shock trans-
ducer channels and the cable protection chan-
nels were good, the cable protection channels
survived better. All fifteen of these sur-
vived the primary ground motion (for this
experiment, until about 20 msec past zero
time). Only three of the cable protection
channels failed before 100 msec. These were
two steel tubing runs and a hydraulic hose
run. The first channel to fail was the Type B
steel tubing run at l.4-m depth. The cable
on this channel failed at 20 msec past zero
time, outside of the test bed and outside of
the steel tubing, apparently as a result of
the soil being "squeezed" out from underneath
the charge. The second channel to fail was
the hydraulic hose run at 0.3-m depth. It
failed at 55 msec past zero time and at
several places in the test bed, all in ten-
sion. The third channel to fail was the
Type A steel tubing run at the 0.3-m depth.

It failed at 60 msec past zero time at the
miniature slip joint near the test bed center.
As a measure of the lateral soil displacement
that occurred in the test, it is noted that
the tubing ends were found 2.1 m apart post-
test. (This was the only steel tubing channel
whose exterior, i.e., tubing, tubing joints,
and miniature slip joints, were not found in-
tact posttest.) Of the remaining twelve cable
protection channels, ten survived the complete
test.

Three of the ground shock transducer
channels (all with steel tubing cable protec-
tion) failed before 20 msec. Seven other
channels (five with hydraulic hose, two with
steel tubing) failed from 20 msec to 60 msec
past zero time. The remaining six channels
(five steel tubing, one hydraulic hose) sur-
vived the test. (Note: the steel tubing
channel that failed pretest is not considered
in these tabulations.)

All the failures that occurred on the
steel tubing transducer channels were caused
by tensile failure of the cable inside the
tubing. This always occurred at the gage or
gage canister. These failures are believed
the result of the extension of the miniature
slip joint augmented by the travel of the
large slip joints on the trunk line. This
contention is supported by the fact that the
three transducer channels (measurements 6h,
7, and 7h), for which the miniature slip
joints had not been used, all survived the
test. Discussions with personnel posttest
revealed that the cable may have been
placed taut in the large trunk line pretest.
The failures that occurred in the hydraulic
hose also appeared to be tensile in nature.
These occurred within 0.6 m of the gage or
gage canister. On some channels additional
cable failures were observed at other places
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in the hydraulic hose. The hydraulic hose was
also found to have failed in several places.

All four of the airblast gages survived
the test. The two PE pressure gages did not.
These six channels were not part of the cable
protection study.

INDUCED CABLE NOISE

The noise generated in the cable protec-
tion channels by the shock environment for the
first 10 msec is shown in Figures 12 through
16. The noise is displayed in all cases as if
from the WML stress gage (gage output of about
0.4 mv/MPa). To aid in evaluating these
plots, the approximate time of ground shock
wave arrival at the various depths are given
as: 0.3-m depth - 1.5 msec, 0.9-m depth -

2.3 msec, and 1.4-m depth - 3.3 msec. Hence
all cables were engulfed by the ground shock
during the displayed 10-msec time frame.

Based on this noise data, the following obser-
vations are drawn:

1. The hydraulic hose channels (both
loops and runs) were noisier than the steel
tubing channels. The noise on the hydraulic
hose channels was also lower in frequency
content.

2. For a given protection system, the
runs of cable protection were noisier than the
loops of cable protection.
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3. Differences in noise levels gener-
ated in the Type A and Type B steel tubing
runs were within data scatter.

Observation 1 indicates that the in-
strument cable is more sensitive to the pres-
sure environment than the acceleration en-
vironment. Observation 2 indicates that the
steel trunk line mitigated the noise gener-
ated in the cables in the severe lateral
displacement regions at the test bed edges.
Observation 3 states that while the miniature
slip joints may decrease channel survival
rates slightly, they do not significantly
increase the noise levels induced on these
channels.

I1f 10 percent of the expected peak sig-
nal level is used as the maximum acceptable
noise level, then the cable protection chan-
nels that produced acceptable noise levels for
the simulated WML stress gages were (this as-
sumes the 31 MPa soil stress mentioned previ-
ously): the Type A and B steel tubing rums at
0.9-m and 1.4-m depth, all three steel tubing
loops, and the hydraulic hose loops at the
0.9-m and 1.4-m depths. These cable protec-
tion systems should work better (i.e., have
less noise compared to the peak signal) for
other ground shock transducers because other
ground shock transducers in general produce
more output at the gage.

A prominent feature of the records was
the noise pulse that occurred simultaneously
on the three hydraulic hose loops at about
6 to 8 msec. This pulse is attributed to a
reflected stress wave from below the test bed
engulfing the T section of the main trumk
line. This reflected stress wave is also seen
on the stress measurement at the 0.9-m depth
at about 7 to 8 msec (Figure 15).

RESULTS FROM LATER TESTS

These cable protection systems, aug-
mented with steel trunk lines to cross the
test bed boundaries, were used on two later
FOAM HEST tests. These tests were conducted
in wet clay and had a ground shock environ-
ment similar to that of the evaluation test.
The steel tubing was used for ground motion
transducers that were less than the 1.4-m
depth. The hydraulic hose was used for all
deeper gages.

The first test had 29 channels. On
this test no cable failures occurred during
the primary ground motion. Five channels
failed between 62 msec and 110 msec after
zero time. All others survived. The cable
failures were again tensile in nature. The
failures inevitably occurred at the gage or
gage canister and inside of the associated
cable protection system. (The external por-
tions of all cable protection systems were
intact posttest.) The failures are attri-
buted to stretching of the hydraulic hose and
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to elongation of the small slip joints on the
steel tubing channels.

The second test involved 58 channels.
All but four channels were alive posttest.
The four that died presumably died in the
same manner as in the earlier tests.

CONCLUSIONS

Both the hydraulic hose protection
system and the steel tubing protection system
produced good survivability in ground shock
transducer cables during the primary ground
motions under the tested ground shock environ-
ment. This ground shock environment was pro-
duced by a high density (44.5 kg/m3) HEST
charge loading wet clay and is characterized
by accelerations greater than 10,000 g, 30 MPa
soil stresses, and surface displacements to
0.8 m.

Ground shock induced noises were higher
in amplitude and lower in frequency content
for instrument cables protected by hydraulic
hoses than those protected by steel tubing.
In both cases the noise levels were reduced
by bringing the cables into the test bed via
a larger trunk line.

Even for ground shock transducers that
have a low electrical output (70 mv maximum)
the hydraulic hose system, augmented with the
trunk line, will provide acceptable noise
levels when used at depths of 0.9 m and
deeper; the steel tubing, augmented with the
trunk line, will perform satisfactorily at
depths of 0.3 m and deeper; and the steel
tubing without the trunk line will perform
satisfactorily at depths of 0.9 m and deeper.

RECOMMENDATIONS

In regions of more severe stress and
displacement it will either not be possible to
make the instrument cables survive, or the
cable protection systems will become so mas-
sive as to affect the measurements adversely.
A possible solution is to avoid instrument
cables and use self-recording (self-contained)
measuring systems. The technology for such
systems has been demonstrated. This approach
needs to be broadened. In the interim, the
cable protection systems described or varia-
tions thereof tailored to specific conditions
should be used in severe shock environments.
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DISCUSSION

Mr. Keller {DNA): Do you think then, that the
pressure protection is more important than the
cable slap as far as the noise generated in the
cables is concerned?

Mr. Welch: Yes, it {is. We felt that was
exactly the case, especially considering the
high acceleration environments that we were
in. The steel tubing is small enough so that it
would move with that acceleration environment.

Mr. Keller: What was the total displacement of
the gages?

Mr. Welch: It varied. It was about 30 inches
at the surface in the evaluation test that I
cited. To give you an indicaton of what the
displacements were in the test bed; one of the
steel tubes failed in the evaluation test, and
it failed after 20 plus milliseconds. It was
one foot belov a 12 by 12 charge. We found the
ends after the test. It broke in the center,
and the ends were displaced seven feet. So
there was a great deal of soil displacement.
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STRUCTURAL RESPONSE OF HEPA FILTERS TO SHOCK WAVES

P.R. Smith
New Mexico State University
Las Cruces, NM

W.S. Gregory
Los Alamos National Laboratory
Los Alamos, NM

Shock waves were produced in a shock tube one meter in diameter and
49 meters in length. The driver of the shock tube was of variable
length so that both peak pressure and impulse behind the wave could
be controlled. Structural behavior of the HEPA filters as shock
waves impacted upon them was recorded by a high speed motion picture

camera.

Various pressure and temperature transducers recorded the
characteristics of the shock wave on a high speed recorder.
per unit area needed to break a given brand of filter was found to
be constant for long driver lengths.
lengths the high velocity air flow behind the shock wave was appar-
ently responsible for filter failure, rather than shock impulse.

Impulse

However, for short driver

INTRODUCTION

However remote, the possibility exists
that within nuclear facilities conditions
might arise from which explosions could occur.
These might be gas explosions, dust explosions,
or chemical explosions. A knowledge of how the
explosively driven shock wave from such an event
will affect the ventilation system of the faci-
lity 1s necessary in order to evaluate the prob-
ability of release of radioactive particulate
to the atmosphere. High efficiency particulate
aerosol (HEPA) filters, common to nuclear faci-
lity ventilation systems, under normal operating
conditions prevent radioactive particulates
from being exhausted to the atmosphere at the
facility boundaries. Typically these filters
have efficiencies of 99.97% or better. However,
little is known about their efficiency or their
structural response when these filters are
struck by explosively driven shock waves. Meas-
urenent of filter efficiency during the tran-
sient of the shock wave passage is difficult,
but our studies (1) indicate that efficiency is
only slightly reduced during the transient, if
the HEPA filter does not fail structurally.
However, if filter failure occurs, i.e. if the
filter medium breaks, then efficiency falls
dramatically and large amounts of radioactive
particulate could be released during and after
the transient. Therefore, the current study
of shock affects on the structural response
of HEPA filters provides critical information
for safety analysis of nuclear facilities.
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The Los Alamos National Laboratory/New
Mexico State University .91 meter (36 inch) dia~
meter shock tube has a variable length driver
which allows control of both shock over-pressure
and shock impulse. Thus, explosive shock waves
can be simulated both as to magnitude and dis-
tance from the source of the explosion. Eight
types of HEPA filters from six different manu-
facturers were tested. These included both
standard and special HEPA filters (e.g;. V-Type,
separatorless), fabricated by both domestic and
foreign manufacturers. A total of °5 tests were
made to determine the structural response of the
filters to impinging shock waves of various over-
pressures and impulses.

DESCRIPTION OF TEST APPARATUS

Figure 1 is a reduction of the construction
blue-print of the overall shock tube which {is
located on the New Mexico State University campus
in Las Cruces, New Mexico. The total length of
the shock tube is approximately 48.77 meters (160
feet). The tube consists of three sections, all
made of 0.91 meters (3 feet) inside diameter
steel pipe, namely: 1) a driver or high pressure
section 11.76 meters (38 feet 7 inches) long, 2)
an interstage or double diaphragm section 0.43
meters (17 inches) long, and 3) a driven or low
pressure section 36.58 meters (120 feet) long.
These sections appear from left to right, respec-
tivelv, in the drawing of Figure 1.

The driver section can be pressurized to a
maximum of about 2413.25 Kpa (350 psig) bv a
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large diesel driven cowpressor. Peak pressure
differences across the generated shock wave,
therefore, will have a maximum of approximately
344.75 Kpa (50 psi). Dwell time of the pressure
rise behind the shock wave can be varied from a
few milliseconds to approximately 50 milli-
seconds.

The dwell time of the pressure rise, and
therefore the impulse, is controlled by varying
the length of the driver (high pressure) sec-
tion. A movable wall achieves this. The mov-
able wall is sealed by a pneumatically expanded
rubber tube around its rim. A system of movable
steel carts (i.e. load carrying spacers) trans-
fer the huge axial forces (as high as 1,583,488
N (356,000 1b)) to the rear support flange, and
puts the pipe in tension.

The shock tube is fired to generate its
gimulated explosive wave by rupturing metal or
plastic diaphragms separating the driver (high
pressure) section from the driven (low pressure)
section. A short 0.43 meter length of 0.91
meter tubing is placed between the driver
section and the driven section. A thin dia-
phragm of diameter equal to the flange diameter
is placed on both ends of the interstage (dou-
ble diaphragm) section. Both the interstage
and the driver sectlons are movable. After the
diaphragms are in place, a pneumatic piston
slides the driver forward until it clamps the
interstage against the driven section. Final
pressure sealing is obtailned by bolting the
flanges of the sections together with 0.0508
meter (2 inch) diameter bolts.

METHOD OF TESTING

Size 5 (0.61 meter x 0.61 meter x 0.30
meter) HEPA filters were subjected to shock
waves by placing them at the open end of the
shock tube as shown in Figure 2, A high speed
motion picture camera was placed downstream of
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Size 5 HEPA Pilter Ready for Testing
at Exhaust End of the 0.91 meters
Diameter Shock Tube

the filter and focused on the face of the filter
during the test. Ten feet upstream of the fil-
ter a Kulite model XTH-1-190-10G pressure trans-
ducer with a frequency response of 10,000 Hz re-
corded the pressure of the passing shock wave.
The value of the pressure was recorded on a
Honey-Well visacorder, model no. 2106. Timing
marks on the high speed film and the visacorder
were synchronized through a Redlake Corporation
timing 1ight generator, model no. 13-0001, thus
allowing the time and pressure at the instant

of filter failure to be determined. Structural
failure of the filter was defined as a visible
rupture, however small, of the filter medium on
the downstream face of the filter. Several ther-
mocouples in the driver and driven sections of
the shock tube recorded static air temperatures
prior to firing, thus allowing determination of
wave velocities.
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Testing proceeded by subjecting a single
type of filter to progressively lower shock
over-pressures {(at a given driver length) until
an over-pressure was reached for which the fil-
ter did not fail structurally. No filter was
subjected to more than one test. Each filter
was new and unused. Filters ranged in price
from $150 to $500 each. Therefore, in order
to keep expenses down, most of the tests were
conducted at a 9.75 meter driver length. Se-~
lected tests were then run for a 5.44 meter
and a 1.68 meter driver length. Subsequent
to data reduction, four additional tests were
found to be necessary at the 5.44 meter driver
length.

RESULTS

Table 1 presents a summary of the results
of the first 51 tests which were run. The first
column indicates the filter manufacturer and the
sequence number of the test. The driver length,
LpRrs appears in the second column and the shock
over-pressure, pmax., appears in the third col-
umn. The fourth column indicates whether or
not the filter failed structurally during the
test (yes or no). The integral of the pressure
over time, /p At, up to the point of filter fail-
ure is listed in the fifth column and is equiva-
lent to impulse per unit area. The time from
the instant the shock wave strikes the filter
until the filter fails, At, is in the last col-
umn. Notice that the tests are listed in order
by filter manufacturer, driver length, and shock
over-pressures.

The method for determining the shock over-
pressures just needed to cause a filter to fail
is summarized in Table II. Again, the first
column is the filter manufacturer and test se-
quence number, the second column is driver
length, the third column is the shock over-pres-
sure, and the fourth column indicates if fail-
ure occurred. Notice for each type of filter,
for each driver length, two tests are listed:
one for which no failure occurred and one for
which failure barely occurred. The shock over-
pressure just needed to fail the filter, PpRK*
wag assumed to be the average of the shock
over-pressures of these two tests. The uncer-
tainty in Pggrg is taken to be one-half the dif~
ference between the shock over-pressures of the
two tests. The remaining column of Table II
gives the impulse per unit area, /p 4t, up to
the point of filter failure on the second tests.

Hence, from Table II we find that a stand-
ard domestic filter (A) will fail at a shock
over-pressure of 7.17:1.10Kpa (1.04:0.16 psi),
a domestic separatorless filter (E) at 5.38+
1.52Kpa (0.78:0.22 psi), both for 9.75 meter
(32 feet) driver lengths. However, we find
that an E filter will fail at a shock over-
pressure of 10.0+.34Kpa (1.45:0.05 psi) if the
driver length 1s 1.68 meters (5.5 feet). As a
matter of fact, for all filters tested at var-
fous driver lengths, we see from the table that
the shock over-pressure for which failure oc-
curs Iincreases with decreasing driver length.
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This fact is summarized in Figure 3 in which
Pgrg 1s plotted as a function of driver length,
LDR.
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Figure 3 Shock Over-Pressure Needed to Just
Break HEPA Filters

The failure over-pressures found in these
current tests for 9.75 meters (32 feet) driver
lengths (47ms dwell) are all lower than those
reported in the literature for similar testing.
Anderson and Anderson (2) found that (0.61x0.61
x0.30) HEPA filters failed at over-pressures of
about 21.96:0.45Kpa (3.185:0.065 psi). The
dwell time behind their shock waves was approxi-
mately 50ms . The manufacturers of the filters
used in their test were not revealed. The re-
sults of the current study certainly show that
the breaking point of the filters due to shock
over-pressure is very dependent upon manufac-
turers.

As the driver length is decreased, the time
of dwell of the shock over-pressure decreases.
Compare Figure 4 to Figure 5. The first is a
trace of the pressure for a long (9.75 meters)
driver and the latter, a trace of the pressure
for a short (1.68 meters) driver. The dwell
behind the shock wave in the long driver case
is about 47ms and in the short driver case
about 5ms. Our previous studies have shown
that the reflected wave from the rim of the
filter case which appears at the pressure
transducer location about 20ms after shock
passage is not experienced on the face of the
filter nor interior to the filter (1). The
results summarized in Figure 3 would appear
justified since less impulse per unit area (i.e.
the integrated area under the pressure pulses
shown In Figures 4 and 5) 1s available at short
driver lengths compared to long driver lengths
for the same peak pressure. However, this
logic presupposes that it is impulse that
causes filter fallure. To examine this pre-
supposition, we consider Figure 6, a plot of
the impulse per unit area, I/A=/pAt, as a func-
tion of driver length, Lpr, taken from Table II.
If impulse due to the shock over-pressure is
the cause of failure, then the lines in Figure
6 should be horizontal, i.e. impulse should not
be a function of driver length. Obviously, this
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Table I

Summary of Experimental Data

Filter Mnf*/Test No. Lpr Ppax Break? % = [pAt st
meters Kpa (Kpa)msec ns
A#18 9.75 6.07 No -— -—-
A#17 9.75 8.27 Yes 229.6 28
A#8 9.75 15.03 Yes 166.17 11
A#7 9.75 16.55 Yes 66.74 4
B#2 9.75 16.55 No - -
B#10 9.75 17.93 Yes 609.52 34
B#1 9.75 20.0 Yes 491.61 31
c#leé 9.75 8.62 No -— -
c#15 9.75 10.34 Yes 375.09 37
C#l11 9.75 15.17 Yes 428.87 28
CHta 9.75 16.55 Yes 314.41 19
c#9 9.75 18.62 Yes 477.34 28
c#3 9.75 20.00 Yes 377.29 19
D#5 9.75 16.55 No - -
D#46 9.75 17.25 No - --=
D#30 9.75 17.65 Yes 353.02 18
D#47 9.75 17.93 Yes 535.74 30
D#6 9.75 20.00 Yes 539.88 29
E#28 9.75 3.86 No - -
E#27 9.75 6.90 Yes 213.75 31
E#38 1.68 9.65 No -—- --=
E#37 1.68 10.34 Yes 107.56 30
E#36 1.68 12.41 Yes 103.43 12
F#19 9.75 7.58 No ——= -—-
F#20 9.75 8.62 No -—- -—=
F#48 9.75 9.86 Yes 345.44 35
F#29 9.75 10.34 Yes Film Lost
F#13 9.75 17.24 Yes Film Lost
F#49 9.75 17.24 Yes 485.41 28
F#12 9.75 19.31 Yes 405.43 21
F#51 5.44 10.34 No -— -—
F#50 5.44 12.41 Yes 335.10 27
F#34 1.68 10.34 No -—- -—-
F#35 1.68 12.07 No -—- -—
F#33 1.68 12.76 Yes 120.66 34
F#31 1.68 13.45 No -— -—-
F#32 1.68 14.82 Yes 136.52 212
G#23 9.75 3.86 No -— -—
G#22 9.75 6.90 Yes 262.01 38
G#21 9.75 11.03 Yes 222.71 20
G#14 9.75 15.86 Yes 222.02 14
G#t39 1.68 17.93 No -— ~-—-
G#40) 1.68 19.31 No -—- -~
G#41 1.68 20.89 Yes 182.03 15
H#26 9.75 3.65 No -——- ---
H#45 9.75 4.83 No -—- ---
H#25 9.75 6.90 Yes 206.85 30
H#t24 9.75 10.76 Yes 333.72 31
H#42 1.68 24.82 No -—- -—-
H#43 1.68 25.51 Yes 151.00 7

*Key to Manufacturer Code: A = Standard Domestic, B = Standard Domestic, C = Standard Domestic,
D = Standard Domestic, E = Separatorless Domestic, F = V-type Foreign, G = V-type Foreign, H = V-type
Domestic. Note: Letters are not related to actual manufacturer's names.
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Table II
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Shock Over-Pressure to Break Filters

ilter Mnf./Test No. LDpR Pmax Break? PRRK % = [pAt
meters Kpa Kpa Kpa-msec

:ﬁg SZZ 8127 Yos 7.17:1.10 229.6
ngo 5 7e i‘;’:éi Yos 17.2420.69 609.52
3y o 13'.212‘ Yos 9.52:0.90 375.09
Dy 57 i;gg Yoo 17.4420.21 535.74
E:ﬁgg o7 2:38 Yos 5.381.52 213.72
53?3 i:gg 1?): 5 Yos 10.0£0.34 107.56
Fres 323? g:gg Yos 9.2420.62 345.44

£430 322 igﬁ Yos 11.38:1.03 335.1
gﬁi? i:gg 5:% Yos 12.4120.34 120.66
45 50 PR3 Yos 3.3821.52 262.01
1 166 20,69 Yes 20.0:0.69 192.37
hte 7 P Yos 5.86£1.03 206.85

ey o8 551 Yes 25.1720.34 151.0
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Figure 4 Typical Pressure Trace of Shock Over-
Pressure for a 9.75 meter Driver
Length (Pressure Transducer Located
3.05 meters Upstream of Filter)
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Figure 5 Typical Pressure Trace of Shock Over-
Pressure for a 1.68 meter Driver
Length (Pressure Transducer located
3.05 meters Upstream of Filter)
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Figure 6 Shock Impulse Needed to Just Break
HEPA Filters

Careful examination of the pressure re-
cords reveal that, for all the 1.68 meters (5.5
feet) long driver tests, filter failure occurred
after the shock impulse had passed through (or
more probably, had been absorbed by) the filter.
In fact, in one case (F#32) faillure did not oc-
cur until 212ms after the shock sturck the fil-
ter. For the remainder of the cases, however,
the failure occurred within 7 to 34ms after
shock impingement. This would seem to imply
that some other mechanism contributes to the
failure of the filters at the short 1.68 meters
(5.5 feet) driver length. The culprit could be
air flow rate. The passage of the shock wave
through the air of the tube causes the air to
move in the same direction as the shock wave.
The trailing expansion wave does not change the
direction of this air movement (3).

Notice from Figure 3 the lowest Ppgry at a
1.68 meter (5.5 feet) driver length was 10Kpa
(1.45 psi) for the E filter. The air velocity
behind a shock wave with this over-pressure is
28.17 m/sec. (94.39 ft/sec), or a flow rate
through the filter of 641.41 m3/min (22,654 CFM).
For the G filter, Pgrk at a 1.68 meter (5.5 feet)
driver length was 20.0Kpa (2.9 psi). The air
velocity behind the shock wave with this over-
pressure would be 52.18 m/sec. (171.1 ft/sec),
or a flow rate through the filter of 1162.63
m?/min. (41,058 CFM). Our previous tornado
testing of filters (4) showed that the flow
rates through the filters reached a maximum
value of 622.97 m¥/min. (22,000 CFM) and that
most filter failures occurred at flow rates
below this value. Hence, because high residual
alr flow rates still persist after the passage
of the shock impulse, it is probably this high
flow rate with its attendent high stagnation
pressure that causes failure of the filters,
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The odd peint on the F curve in Figure 6
may now be explainable._ The value of I/A at
LpR = 5.44 meters (17.83 feet)isthe same as the
value of I/A at Lpr = 9.75 meters (32 feet) with-
in the limits of error of the measurement
(+37.26Kpa-ms)*. That is, for long driver
lengths it appears that the impulse needed to
cause a filter to fail isconstant for this type
of filter. It would have been dangerous to
generalize this statement to all types of HEPA
filters from the small amount of data available
for F filters. Therefore, four more tests were
run, one each for filter types E, F, G and H,
all at a driver length of 5.44 meters (17.83
feet). The shock over-pressures were selected
from Figure 3, assuming a linear variation of
the over-pressure just needed to break the
filters with driver length. Table III summarizes
the results of these runs.

If the data of Tables II and III are used
to construct another plot of impulse per unit
area,I/A = /pAt,as a function of driver length
LDR, then Figure 7 results. Notice that for
filter types E, F and G, I/A is essentially the
same for driver lengths 5.44 and 9.75 meters,
supporting our hypothesis that for long driver
lengths the shock impulse needed to just cause
filter failure is constant for a particular
type of filter. However, type H does not appear
to support this statement. By examination of
the expected error bands in Appendix A, we find
for test H#54 the value of I/A is 179.88Kpa-
msec with an error band of approximately *82.42
Kpa-msec. The value of I/A at driver length
9.75 meters for H#25 1s 206.85Kpa-msec with an
expected error of approximately +23.49Kpa-msec.
Thus, within the limits of accuracy of the ex-
periments, H#54 and H#25 give the same results
for I/A. There is, therefore, a strong prob-
ability that at long driver lengths the shock
impulse needed to fail a particular type of
filter is constant.
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Figure 7 Shock Impulse Needed to Just Break
HEPA Filters after Four Additional
Tests at LpRr = 5.44 m.

*The appendix presents the expected error of
the experimental results.
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Table III

Supplementary Test Data

Filter Mnf./Test No. Lpr Phax Break? % = pAt At
meters Kpa msec.
Kpa-msec.
E#55 5.44 8.99 Yes 204.72 23
F#52 5.44 11.59 Yes 359.35 31
G#53 5.44 13.46 Yes 269.1 20
H#54 5.44 16.35 Yes 179.88 11

Thus, both shock impulse per unit area and
air flow rate must be considered when designing
filtration systems. If expected shock impulse
per unit area at a location exceeds the maximum
value (v350Kpa-msec) for long driver lengths
given in Figure 7, then a filter at that loca-
tion can be expected to fail structurally. If
the shock impulse per unit area 1s below this
value, then the flow rate of the air behind the
shock wave should next be considered. If this
flow rate exceeds 622.97 m3/min (22,000 CFM),
then the filter can agian be expected to fail
structurally. Notice that these values of shock
impulse per unit area and flow rate are maxi-
mums, i.e. only certain brands of HEPA filters
were found capable of withstanding these im-
posed conditions. For example, from Figure 7
we see that the long driver length impulse per
unit area for filter H was only about 200Kpa-
msec. Hence, it would appear that a safety
factor of at least two should be applied to the
maximum shock impulse per unit area given by
Figure 7.

CONCLUSIONS

1. 1In general, the shock over-pressure needed
to cause structural failure of HEPA filters in-
creases as the value of the driver length de-
creases.

2. At short driver lengths, failure occurs
after the shock impulse has passed through or
been absorbed by the filter, At long driver
lengths, failure occurs during the shock im-
pulse.

3. For ghort driver lengths there 1is some evi-
dence that the high residual flow rate of air
behind the shock wave might cause the failure

of the filters, rather than the shock impulse.
Further investigation of this point is strongly
suggested since it will enter significantly in-
to computer code predictions of ventilation sys-
tem behavior during explosions.

4. A high probability exists that shock im-
pulse needed to cause filter failure is con-
stant for each type of filter at long driver
lengths.

5., Filter manufacturer was a variable which

had significant effect upon filter failure.
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Appendix
Table of Expected Experimental Errors
Filter Mnf JpAt * e-ror
Test No. (msec. Kpa)
B#1 491.61 + 60.61, - 59.37
C#3 377.29 + 60.61, - 59.37
C#4 314.41 + 50.26, - 49.02
D#6 583.87 + 60.61, - 59.37
A7 66.74 + 50.26, - 49.02
Af8 166.17 + 45.58, - 44.47
c#9 521.26 + 56.47, - 55.23
B#10 609.52 + 54.50, - 53.16
c#11 428.87 + 92.26, - 89.77
Ff12 405.43 + 58.54, - 57.30
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o Table of Expected Errors (con.)
.';.' :
"e:ﬂ Filter Mnf /pAt * error
f’l' Test No. (msec . Kpa)
A
L)
b 14 222.01  + 48.20, - 46.95
-k c#15 375.01 + 31.65, =~ 30.41
‘~ A#L7 229.6  + 25.44, - 24.20
t o G#21 222.71  + 33.72, - 32.48
it G#22 362.01 + 26.89, - 20.06
e H#24 333.72  + 32.89, - 31.65
4] R#25 206.85 + 26.89, - 20.06
T,gvf. E#27 213.75 + 26.89, - 20.06
st D#30 317.86  + 53.57, - 52.33
F#32 136.52 + 1.379, - 2.07
. F#33 120.66 + 2.07, - 2.07
ofy E#36 103.43  + 2.07, - 13.79
Jjngg; E#37 107.56 + 2.07, - 2.07
]
s G4l 192.37 + 9.65, =~ 41.37
©f
oy H#43 151.0  + 44.47, - 59.16
e D#47 535.74  + 54.40, - 53.16
2 F#48 345.464  + 30.20, - 28.96
o F#50 335.10 + 37.85, - 36.61
e F#52 358.54 + 51.37, - 59.99
& ‘ G#53 268.91 + 69.43, - 68.40
i H#54 179.75 + 82.88, - 81.84
:::4 E#55 204.57  + 46.47, - 45.44
{30
i
v Time:  +3 msec
QL Pressure: 0.207 Kpa tests #1 - #30
|'G:x‘ 0.172 Kpa tests #31 - #37
:‘!3,5 0.103 Kpa tests #38 - #40,#44,#46
e 0.140 Kpa tests 41 - #43
:i;#‘ 0.040 Kpa tests #45
KA 0.124 Kpa tests #47, #49
N 0.110 Kpa tests #48
i 0.090 Kpa tests #50 - #55
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DISCUSSION
Voice: 1Is it an end line driver?

Mr. Smith: Yes, it is. It is a movable wall.
It can be moved to within six inches of the
diaphragm and back as far as about 40 feet away
from the diaphragm. It is pneumatically sealed
around the edge, and when we go up to very high
pressure in the shock tube, you would never be
able to hold that wall. So we have a set of
spacers on wheels that we put in behind the
wall, and all the forces transfer to the back of
the tube. For instance, at our highest pressure
possible, which is 40O psi in the driver, there
is a half a million pounds of force that has to
be put into that tube in tension. It is a lot
of force. I don't think that this particular
type of device, at least at this diameter, would
be very feasible for much higher pressures than
we can stand in this one, 400 psi.

|
|
|
|



A TECHNIQUE COMBINING HEATING AND IMPACT FOR
TESTING REENTRY VEHICLE IMPACT FUZES AT HIGH VELOCITIES

R. A. Benham
Sandia National Laboratories
Albuquerque, New Mexico

A laboratory testing technique has been developed for
simulating the combined reentry aerothermal heating and
high velocity impact effects on a ballistic missile
warhead contact fuze system.
subjecting a stationary, instrumented nose tip to the
flame of an aluminum powder-liquid oxygen torch system
just prior to impact by an explosively propelled alu-
This turnaround technique
(the target moves to strike the stationary nose tip)
has been used in the development of several advanced

minum flyer plate target.

fuzing system designs.

This method consists of

This paper describes the test-

ing method and presents results from recent tests.

INTRODUCTION

Impact fuze sensors for reentry
vehicle weapon systems are con-
tinually being developed. New per-
formance and/or packaging require-
ments come with each new generation
of weapon system. Methods of testing
these new fuze designs have been de-
veloped that are used to wunderstand
the fuze operation. Rocket driven
sleds can produce nose-tip velocities
of up to 2.44 mm/us (8000 ft/s) for
impact into various targets. Explo-
sively driven flyer plates can pro-
duce 1impacts of a target material
onto a stationary nose tip at veloc-
ities of 1.83 to 4.20 mm/ps (6000 to
13800 ft/s). Plasma jets provide
tests for investigating aerothermal
heating, while wunderground nuclear
tests and various other 1laboratory
methods allow testing the effects of
radiation on the fuze systems.
Rocket flight tests provide a com-
bination of environments experienced
by the fuze system along the reentry
vehicle trajectory.

Underground and flight tests give
the most realistic environments but

53

they are very expensive, costing
millions of dollars for each test.
The laboratory methods have generally
addressed only one environment at a
time. Recently we have developed a
laboratory technique which reasonably
simulates the combined aerothermal
heating and impact effects. This
method is capable of providing impact
velocities of 1.83 to 4.20 mm/us and
heating on the order of 13 «x
106 W/m2, This combined tech-
nique has been used for the evalua-
tion of several contact fuze systems
allowing the recording of fuze func-
tioning parameters after the fuze
hardware has been subjected to the
critical effects of aerodynamic
heating. The test results obtained
are timely, of reasonable cost (about
$50,000 for a test) in comparison to
flight tests, and are capable of
being repeated.

The new combined heating and im-
pact simulation technique consists of
subjecting an instrumented nose tip
to the flame of an aluminum powder-
liquid oxygen torch system for 15 s.
With the torch still ©baurning, a
metallic flyer plate, which has been




accelerated by a barrel-confined
explosive system, impacts the nose
tip, thus simulating conditions when

an aerothermally heated reentry ve-
hicle strikes a hard, ground target.
The timing and flame conditions are
selected to approximate the tempera-
ture profile along the nosetip axis
at the time of impact in a real
reentry vehicle. The flyer is de-
signed to rotate end over end as it
travels along its trajectery, permit-

ting impacts on the nose tip at any
desired angle (between 300 and
90°) of the flyer plate face with
respect to the nose-tip axis.

This report describes the com-
bined test method presenting data
from two tests that have been con-
ducted. Temperature profiles re-
corded from embedded thermocouples

adjacent to the nose-tip axis is pre-
sented along with flash x-ray data of

flyer plate impact conditions. Im-
pact velocities of 3.05 and 4,21
mm/us (10,000 and 13,800 ft/s) have

been attempted. Sacrificial barriers
required to house the 45.4-kg and
90.8-kg (100-1b and 200-1b) explosive
charges also are briefly described.

NOSE-TIP HEATING

During the
ballistic

reentry phase of a
missile trajectory, the
nose-tip experiences rapid aero-
thermal heating. The majority of
heating occurs during the last few
tens of seconds before impact and
generates temperatures high enough to
cause surface material ablation. The
nose tip may experience heat fluxes
of several ten millions of W/ml
(several thousand Btu/ftZ/s) with
peak fluxes occurring at altitudes
above a few tens of thousands of
meters (several hundreds of thousands
of feet). The rapid heating gen-

erates extreme temperature gradients
from the surface 1into the nose-tip
material. The temperature expe-

rienced along the nose-tip axis of a
particular reentry vehicle is de-
pendent on the design and material
properties of the nose tip, the
ballistic parameters of the flight
path, along with many other vari-
ables. Past flight test data and
analysis 1lead to estimates of the
temperature profile on a new system.
The temperature profile along the

axis and the shape of the ablated
nose tip at impact are the specific
conditions that would be reproauccd

in an adequate laboratory simulation
of aerothermal heating., The nose
tips to be impacted in our tests are
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machined to a calculated or em-
perically determined ablated shape.
We do not attempt to match the heat
flux history experienced by a
reentering nose tip.

An aluminum powder-liquid oxygen
torch system was used to provide the
simulated aerothermal heating effect
for the combined heating/impact
tests. The torch system (schematic
shown in Figure 1) was purchased from
Science Applications Incorporated by

Sandia National Laboratories; the
nozzle design is «changed to meet
Sandia needs. The details of the

torch operation are documented in a

Sandia internal memoranda [1). The
torch operates by burning 3-um to
40-um atomized aluminum powder in

oxygen prolucing a theoretical maxi-
mgm flame temperature of 3900 K (6560
F).
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T0 NDICATE OROER
LOX TO NOZALE OF VALVE OPERATION
13.0ms “O /7 o0
)
T ALUM.
oxvaen| PO [:F <fép
48 oA
MPs () C)
@ N
0.14 WP ~
‘p____cs___j LIQUD OXYGEN
0.48 WPa| Y e TONOZRE

C) ALUM, POWDER

Fig 1 - Schematic of the
Aluminum-Oxygen Torch System

The torch performance was mea-
sured during several preliminary
tests to obtain approximate heat flux
input levels to the carbon nose-tip
material, Figure 2 shows the torch
in operation for one of these tests.
A flat carbon slab, instrumented with
embedded thermocouples, was used as a

HEAT FLyUX
GAGE

TORCH
NGZZLE -
-

See L

o I
Fig 2 - Alumlnum-Oxygen Torch




heat-flux gage. Measured tempera-
tures along with thermal properties
of the carbon material allowed esti-
mates of the flux that would cause
the observed temperature grad1ents

A flux level of 5.67 x 106 W/me

(500 Btu/ft2/s) was determined from
these tests. This heat flux, when
applied to a simple, semi-infinite
carbon, plane model, showed that a
15-s burn would give a reasonable
approximation to the temperature pro-
file experienced in a real reentry
situation.

The torch system wused 1in the
combined heating/impact test con-
sisted of two nozzles separated by
0.50 m (19.8 in) to allow the flyer
plate to pass between them on its
trajectory to impact. Figure 3 shows
the orientation of the torch heads
and nose tip for these tests.
Further details of these tests can be
found in Sandia test reports [2,3]).

NOZZLE

s rLven
AXiS FLYER
\ ﬂu.ucrouv 'UT!
d
I
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nOSE
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ru-z
AXIS

NOZZLE

Fig 3 - Plan View of
Torch Nozzle Setup

The axis of each nozzle was
oriented at 459 to the flyer plate
trajectory with the nose tip placed
at the intersection of the nozzle
axes and flyer plate trajectory. The
two nozzles aimed at the nose tip
produced an axial flow of combustion
products over the nose tip causing
nearly axisymmetric heating to be
generated. Figure 4 shows a photo-
graph of the nozzle setup for the
combined test.

NOSE TIP THERMAL INSTRUMENTATION

The nose tip for the combined
test consisted of a graphite cone
with a spherical 76.2-mm (3-in) dia-
meter tip. The geometry and material
were chosen to be 1like reentry nose
tips, but do not represent any
particular systenm. Three thermo-
couples were imbedded in the carbon
using carefully machined carbon
plugs. All voids were filled with
carbon cement to minimize the effect

n'i,ﬁ»\'}l;’%.n!. ‘ i _:(. |'l‘p?l,g‘ﬂﬁq?it .."i.
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of the installation on the heat flow
within the carbon nose tip. After
the thermocouples were installed the
junction location (from the surface)
was precisely measured using an x-ray
picture of the nose tip. Figure 5
shows the x-ray of the thermocouples
within the <carbon material. The
thermocouples used were tungsten-
tungsten 26% rhenium with a tantalum
sheath. The junction is at the end
of the sheath tube. These thermo-
couples are very small (0.203 mm
(0.008 in) diameter) and are capable
of monitoring temperatures up to
3000 K (5000 F)*

The thermocouples were wused in
two ways. The first was to obtain
data to detine the temperature pro-
file down the nose-tip axis at
various times. In a test of an
actual reentry vehicle nose tip, this
data would be compared to expected
profiles. The second was to use the
temperature histories, at the known
positions, in an inverse heat trans-
fer computer code [4] to calculate
the surface temperature and heat flux
histories at the nose-tip surface.
The calculated surface temperature
was used with the thermocouple data
to complete the temperature profile
data.

EXPLOSIVE FLYER PLATE SYSTEM

The barrel tamped expliosive flyer
plate system for launching rotating
metallic flyer plates has been de-
scribed in several previous papers
(5,6,7]. Essentially a heavy
metallic barrel houses the Composi-
tion C-4 explosive and flyer plate.
The barrel confines the detonation
gases long enough to drive the plate
to the desired velocity while re-
tarding the lateral gas expansion
that contribute to flyer plate break-
up. A single-point initiation is
used to drive a spherically expanding
detonation front toward the flyer
plate location.

A recent change in the barrel
design consists of a steel-jacketed
lead barrel instead of cast iron or
steel barrels used in the past. The
lead barrel system provides nearly
the same degree of confinement as the
cast iron barrels recently used. The
cost of the lead system, as well as
the procurement lead time, are

*Paul Beckman Co., 944 Hendretta
Ave., Huntingdon Valley, PA 19006;
Bulletin CA-1, "Carbon/Ablator
Indepth Thermal Sensors"

} $) ' o
AR NN MR KN 'fﬁ"ﬁ'ﬂﬂ’fnﬂﬁ}fﬁ&hkkd




Combined Test
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Fig 5 - X-Ray of Thermocouples Within Carbon Nose Tip

significantly less than for the cast weighed 5.90 kg (13 1b) for the
iron. Several small scale models of 4.20 mm/us (13,800 ft/s) impact
this new lead barrel system were test. The cushion, which in previous
tested [8,9) to demonstrate that even designs was placed between the
at velocities of 4.63 mm/us explosive and flyer plate, was
(15,200 ft/s) (an extension of the removed in order to achieve higher
flyer plate vulocity capability), the terminal velocity.
design performed properly. Figure 6
shows a flash x-ray exposure taken A new method for calculating the
during the 1/4-scale model tests for launch time and excess rotation angle
the 4.20 mm/us (13,800 ft/s) test during launch has been developed
where the high velocity was achieved [10]. These parameters are used to
and the predictions of flyer per- calculate the motion of the flyer
formance were accurate. plate. As the flyer plate travels
through air, its velocity and rota-
Figure 7 shows a sketch and tion rate during the first 90° of
Figure 8 is a photograph of the ex- rotation are reduced significantly by
plosive barrel system for the the effects of air drag. Since im-
90.812-kg (200 1b) explosive charge pact occurs within the first 900 of
used for the combined heating/impact rotation, this effect is important.
tests, The barrel weighed 1816 kg Figure 9 shows the shock wave which
(4000 1b). The flyer plate was rides on the leading edge of the

0.368 m (14.5 in) in diameter and plate as it travels through air. The
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Fig 9 - Drag Forces on Rotating,
High Velocity Flyer Plate

drag forces, Fp, are applied to the
plate through the center of pressure
which approches the leading edge of
the plate as the plate rotates. The
moment Fp & X works to decrease
the rotation rate while the force
Fp reduces the average plate veloc-
ity. Full analysis of these effects
have not been accomplished since the
introduction of a helium atmosphere
around the trajectory essentially
eliminates these forces and 1is easy
to accomplish. Results of the scale
tests [8), where a helium atmosphere

was used, show excellent agreement
between the measured and calculated
velocity and rotation rate. A mylar

tube helium envelope was, therefore,
used for the full-scale tests.

PROTECTIVE BARRIER

The explosive charge contains a
large amount of metal which turns
into intermediate velocity shrapnel
(0.61 to 0.91 mm/us (2000 to 3000
ft/s). A protective barrier was pro-
vided to reduce shrapnel hazard to
the surrounding area. Figure 10
shows the front of the barrier. A

1.52-m (5-ft) diameter and 2.13-m
{7-ft) long corregated culvert sec-
tion provided the inside walls for

the structure,
assembly was

The explosive barrel
positioned inside the

culvert. The barrel and culvert axes
were parallel. The end walls were
made of 19 mm (3/4 in) thick plywood
boards and were held together with
wire rope. The volume between the
end walls was filled with sand. The
minimum depth of sand around the

culvert wall was 1.83 m (6 ft). The
back end of the tubular opening was
vented but plugged with a dirt-filled
box. The front end con- tained an
aperture to allow the flyer plate to
exit (0.46 x 0.46 m (18 x 18 in).
The remainder of the debris traveling
in the general direction of the flyer
plate was retarded by a 0.46-m

(18-in) thick layer of sand. The
shrapnel hazard distance was cal-
culated by first estimating the
shrapnel terminal velocity from the
explosive system using Gurney equa-
tions. Conservation of momentum was

used to obtain the
velocity
trajectory
the hazard
for this

(2000 ft).

particle exit
from the sand. Air drag
calculations then predict
range. The hazard range
configuration was 650 m

COMBINED TEST

For the high-velocity, combined
heating/impact test the nozzles of
the aluminum-oxygen torch were posi-

tioned on either side of the flyer
plate trajectory so that the nozzie
axes intersected at the impact loca-

tion on the nose tip (see Figure 3).

The nose tip was positioned in front
of the barriered, explosive flyer
plate system at a distance which
allowed the plate to rotate to a

350 angle at impact. The plate
velocity was 4.20 mm/us (13,800
ft/s); the rotation rate was 900 rps
and the transit distance was 4.57 m
(15 ft). Figure 11 shows a diagram
of the relative positions of the
barrier, torch nozzles, and nose
tip. Figure 12 shows a photograph of
the test setup. A helium filled
mylar cylinder provided the low drag
atmosphere. The helium tube, how-
ever, could not enclose the flame and
was, therefore, terminated 0.30 m (1
ft) in front of the line joining the
two nozzles. Figure 13 shows a photo
of the helium tube in place.

The end closure of the tube was
specially designed to withstand the
tremendous heat of the torch but not
to interfere with the flyer motion.
Six layers of commercial aluminum
foil separated by air gaps were posi-
tioned at the same angle, with re-
spect to the trajectory, that the
flyer plate would have at that loca-
tion. The layers melted sequentially
through the 15-s burn time until only
two sheets were left at explosive
initiation. The flyer uniformly
impacted the remaining sheets with no
measurable effect on its motion. The
last 2 ft of flyer motion was in air
and torch products.

Three flash x-ray exposures were
obtained to verify plate condition
and orientation. The setup and laser
alignment methods for this test were
as described in past experiments
[5,6,8,9].
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LASER ALIGNER
REMOVED
PRIOR TO TEST

Fig 13 - Test Setup With Helium Tube in Place

RESULTS
Two tests have been conducted:
one with an impact velocity of 3.0§

mm/us (10,000 ft/s) and impact orien-
tation of 900, and the other with
an impact velocity of 4.20 mm/us
(13,800 ft/s) and an impact angle of
350, The heating data was nearly
the same for both tests. Figure 14
shows the temperature histories for
the three thermocouples 1located as
shown in Figure 5. Figure 15 shows
the temperature profile at two dif-
ferent times. Figure 16 shows the
calculated surface temperature using
the inverse heat transfer calcula-
tions mentioned above. Figure 17
shows the calculated heat flux at the
surface from the same set of calcula-
tions.

Figure 18 shows an x-ray of the
flyer plate just before impact, while

in the torch area (10,000 ft/s 90°
test).
CONCLUSIONS

To date, two combined heating/

impact tests have been conducted on
various contact fuze systems.
Through these tests we have demon-

strated for the first time the abil-
ity to accomplish a dual test simu-
lating both reentry heating and im-
pact shock effects on a reentry fuze
system. The heating to a specific
nose tip has been quantified and is
of sufficient magnitude to be of in-
terest to system designers. Future
tests are being considered to qualify
different contact fuze systems.
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Fig 18 - Flash X-Ray Exposure of Flyer Plate Prior
Impacting Nose Tip
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ﬂﬁ USE OF A DROPPED WEIGHT TO SIMULATE A NUCLEAR SURFACE BURST
N
v;.‘
N !
;Fﬁ Charles R. Welch and Sam A. Kiger
;d U. S. Army Engineer Waterways Experiment Station :
ph: Corps of Engineers
N Vicksburg, Mississippi
,;', This paper investigates analytically and experimentally the use of a
‘a‘ dropped weight for the simulation of the airblast generated ground shock
e from a nuclear surface burst. A one-dimensional elastic analytical model
‘4 of the weight impacting the soil is presented. It indicates that the peak
f% stress induced in the soil is a function of the square root of the drop
:%9 height and the ratio of acoustic impedances of the dropped weight and soil.
i Also the impulse generated in the soil is dependent on the thickness and
density of the slab and the square root of the drop height. Relations
oy are then developed between the one-dimensional elastic solution and empir-
:ﬂ ical curves for the peak airblast pressure and impulse from a nuclear sur-
@: face burst. It is found that the peak pressure and impulse can be simu-
ﬂ%. lated simultaneously for weapons in the kiloton range to about 1000 psi
W overpressure. Measured stress and particle velocity wave forms from a series
] of dropped-weight tests are presented along with the calculated stress wave
- forms. The tests consisted of dropping two concrete slabs, 12 and 19.5 in.
thick by 50 in. in diameter, onto a sand test bed from drop heights of 2-1/2
ﬂ? and 10 ft. It is found that differences between the measured and calculated
4{ stress wave forms were due primarily to the nonplanarity of impact of the
%q dropped weight. Limitations and difficulties associated with the dropped-
Ry weight simulation technique are discussed as well as problems with displace-
:ﬂi ment boundary conditions, impact planarity requirements, and the smallness
c& of the test bed. Applications of the drop-weight technique to the testing
R of model underground structures are discussed.
J
i
_;ﬁ INTRODUCTION energy can vary from test to test depending
Wy on the type of detonation (high or low order)
)’, The Limited Nuclear Test Ban Treaty of and the containment of the explosive. Con-
‘s 1963 prohibited detonation of nuclear devices versely, using a disc-shaped slab dropped onto
5J. in the atmosphere. Since then various schemes the soil surface as an energy source has the
have been developed to simulate different advantage of being useful in the laboratory.
L d characteristics of the airblast from nuclear The use of dropped weights to produce ground
" explosions. These include: (1) the Dynamic shock is not new. In 1973, Wallace and Fowler
,:5 Airblast Simulator (DABS) described by Martens [4] used dropped spheres of various sizes and
R and Bradshaw [1] which simulates the dynamic densities to simulate the far-field seismic
*ﬂf drag forces associated with nuclear airblasts; motions generated by explosions. In 1976,
‘;' (2) the High Explosive Simulation Technique Ford [5] made correlations between the near-
' (HEST) described by Wampler, et al. [2] which surface vertical velocity wave forms produced
’ simulates the overpressure generated by a nu- by dropping a steel wrecking ball onto sand-
g clear airblast; and, (3) the Direct Induced stone and those wave forms induced by a sur-
W, High Explosive Simulation Technique “(DIHEST) face tangent spherical explosive charge.
) which is described by Schlater [3] and is in-
'4: tended to simulate the directly induced hori- This paper investigates the use of the
i zontal ground shock near the nuclear flat-dropped weight to simulate ground shock
: detonation, generated by a nuclear surface burst. Some
™ of this material is extracted from an M.S.
- These simulation techniques use large thesis written by Welch [6]. A one-
- high explosive charges as their energy source; dimensional elastic wave treatment of the im-
.ﬁ therefore, the test must be performed at re- pact problem is presented. Correlations are
¢ mote sites. The energy produced by high ex- made between this solution and nuclear ajir-
;' plosives and the rate of deposition of that blast predictions by Crawford, et al. [7].
i
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These correlations lead to analytical expres- half space; there are no reflections from a

sions which relate the
weight (i.e., density,

parameters of a dropped
thickness, drop-height,

back surface.

't_‘g; etc.) to a given yield of nuclear weapon at a 6. The slab and soil are always in per-
B3 given pressure range. The ground motion data fect contact (i.e., no bouncing occurs).
5\1*;‘ from a series of eight dropped-weight tests
'.:]'l’ are then presented and compared to the results 7. p1c] > p2e2 (This is assured by
;'Q:'f of the one-dimensional elastic wave treatment. Assumption 6.) We will let wuj(z,t) be the
rE Limitations of the dropped-weight simulation displacement in the slab and uj(z,t) be the
) technique are discussed. displacement in the soil. As a result of
.;,'Q" Assumptions 1 through 4 the equation of motion
:g‘:::y ONE-DIMENSIONAL ELASTIC SOLUTION becomes
0
f]"“‘ The following solution to the drop weight Ypepr = U (2)
tASf' ! is from Drake [8]. Another solution, obtained te 1712z
;:,v;‘j without using transforms, is by Welch [6]. Port u - czu 3)
[9] also obtained the same solution. Gutzwiller 2tt 2 2zz
[10] developed a solution in terms of harmonic
Ry modes., where differentiation with respect to a vari-
‘:;:l‘ able is indicated by a subscript (i.e.,
‘:;": In the dropped-weight problem shown in 3u;/3z = ulz ). The initial conditions for
,"n‘:'s Figure 1 a slab of dilatational velocity Cy the slab and soil are
€%
:-:t:‘é { AL postrion v, (2,0) = 0 %)
"~ k| — ult(z,O) =v, (5)
D)
':’:. u,(2,0) = 0 6
S
¢ 'P -t h uzt(zgo) =0 (7)
:l" IMPACT POSITION Boundary conditions at the slab/soil interface
i (i.e., at z = Q0 ) also assume that the back
. surface of the slab is free of stress. For the
'g‘!:j' soIL one-dimensional case, the stresses in the two
,;: ; HALF-SPACE media 9] , 0y are given by o] = c{pjuiz
& : S and 0, = c%ojuz, . The boundary conditions are
¢ are written as:
l"l.. Figure 1 - Schematic of the dropped-
f!',?,l weight problem 2 2
) ' €114 (05t) = cy0,u, (0,¢) (8)
. density pj , and thickness » , falls
Gl through a height, h , onto a soil half space 2
',_t‘.': of dilatational velocity €y and density oy . ciplult(-t’t) =0 (9)
;;",_;_p The velocity at impact, v, , 1is:
."”'“jl
Ay u,(0,t) = u,(0,t) (10)
:4'4::. vo = /z_éi (1) 1 2
( - The assumption of the soil being a half
‘;'&“ where g 1s the acceleration due to gravity. space leads to the final constraint on the
Faghle The following are assumed: problem; that the displacements in the soil re-
’:'iﬁ:'i main finite as 2 tends to infinity, i.e.,
:g'l. 1. The slab has velocity components
{,:f" only in the vertical direction (i.e., there
;:,:gi are no rotational or shear components). 1im uz(z,t) is finite (11)
ZHo
ik 2. The face of the slab and the soil
""\ surface are parallel at the time of impact. Using a bar over a variable to designate
i ' the Laplace transform of that variable, the
‘:i X 3. The soil and the slab are considered Laplace transforms, with respect to time, of
:.:.: linear and elastic. Equations 2 and 3 are written as:
’
“*5::”\1 4., Displacement occurs only in the 2z
s direction and is a function only of z ({i.e., s55,(08) - wu(00) - up (2,0) = DS (2 (12}
Wi there are no edge effects),
‘t:"r‘

The soil is considered to be a

Ok 5.




2—
82;2(2.5) - !uz(z,o) - uzt(z.o) - czuhz(z.s)

(13)

Using Equations 4 through 7 in Equa-~
tions 12 and 13 produces

2
Elzz(z,s) - s—zcl(z,s) = v, (—12-) (14)
c

1

Uy, (2,8) - 5—232(2.5) =0
€2

(15)

The general solutions to Equations 14
and 15 are

;l(t.s) = Ajexp(- c—sl z) + Blexp(cil z) + s—xz A (16)
]
1—12(:,5) - Azexp(— Ciz 2) + Bzexp(é x) (17)
Taking the Laplace transform of the
boundary conditions 8, 9, and 10, and the
radiation condition 11, produces
2 - 2 —
clolulz(o,s) = czozuzz(o,s) (18)
czo u, (~£,8) =0 (19)
1"171z ’
4, (0,5) = u,(0,2) (20)
1lim :Z(z,s) is finite (21)
2o
Using Equation 21 in 17 gives
BZ =0 (22)
From Equations 19 and 16
s
A} = Bexp(- c—‘ 28) (23)
And from Equations 23 and 16
u,(z,8) = exp (- 2 tsz)) + ¢ o L,
A ’1[ p( o 0 '“(cl )]"2 o (24)

Employing the displacement boundary condi-
tion (Equation 20Q) along with Equations 17, 22,
and 24 produces

B, [exp(--cs—lu)+ 1]+l2v°
s

= A2 (25)

Using the stress boundary condition (Equa-
tion 18) along with Equations 24, 17, and 22
gives

cfolal[(-c—'l).xp(- : ")’7'1] -y (- &)

Employing Equation 25 in the above,
along with some algebra, produces

1
-4,
Bl.K[l"”('cLlu.)]‘[l‘exv(-cLlu)] (26)
where
€11
T e, @n

Using Equations 22, 25, and 26 in Equa-
tion 17 gives

- . l-exp(-c—:u) . 28

Uyfz,#) + S v ————— e lexp (- — 2)

2 o2 % [(14R) + Q-Kyemp(- ) <2 (28)
1

Dividing numerator and denominator of the
above by (1 + K), and letting R = (1 - K)/
(1 + K) , we have

: —[""(")} @9

L+Rexp (- 2 20)
1

Since R exp [- (8)/(c)) 2&] is less than
1, we have (see Selby [11]

_______. 3" _ 8 apn
Lenem - 220 nf (-R)" exp ( 5 2n) (30)
‘1
From Equations 30 and 29
3 R S P o(Ho. 2
uy(z,8) e 2 nio(” [exp(n < "1))
(31)

) ,,( JLEVIIN 5))]

€1 2

Taking the inverse Laplace transform of
the above (see Churchill [12])) we have for
the displacement in the soil
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K s a Un | =
u,(z,8) = =——= v I (-R) | M !-—0—)
2 (14X) "o =0 [ l( € <,

o x - ot _2)] (32)

where H is the ramp function defined by

1

H(t-m) =t-m for t-m>0 (33)

=0 otherwise

While Equation 32 provides the displace-
ments in the soil due to the dropped weight, we
are more interested in the generated soil
stresses. Thus differentiating Equation 32 with
respect to 2z and multiplying by c%pz produces

2

50,k -

2°2 1 n 2n | 2
9,(2,8) = ) vu(c_z) L (-R) [H(t -—°1 ’Z;)

n=0
-H(t-(“ﬂl“oi)J
‘1 €2

where H 1is the heavyside step function de-
fined by

(34)

H(t -m) =1 for (t-m) >0
= 0 otherwise

In deriving Equation 34 we utilized the fact
that

B, +5 =du s

Focusing our attention on the stress in
the soil at the interface (at z = 0 ) and re-
calling that the usual acoustic transmission
coefficient, T , is given by

)
T+,
CaP2 T 1P
Equation 34 becomes

v
0,(t) = oy T2 (35)

where

ze 1 bn“[u(c-lﬁ)-u(c-ﬂﬂﬁg)] (36)
ne0 1 1

Because of Assumption 7, R 1s strictly nega-
tive, hence R 1is strictly positive, and the
terms of the series in Equation 36 are all
positive. A plot of Z versus time is shown
in Figure 2. It is seen that it is equally
well represented by

Ed
Z = (_R)int 7w (37)

where int [(c)t)/(2%)] is defined as the
largest positive integer n < (cjt)/(2%) .

op — 2L
o ~ |k
apgl-R}>" —
dp(-R)2 ]
92
op(-R) 7T
L 2 A i . e i A 1
L L4 v L]
0 b 8t 12e
“ R W
TIME

Figure 2 - Predicted normal stress versus time

generated in a soil half space by a dropped

weight of thickness & and dilatational wave
velocity c¢)

Placing Equation 37 into Lquation 35
produces the final expression for the stress in
the soil

N clt]
0,(t) =2 oye,T -r) 1|22 (38)

IMPULSE PRODUCED FROM A DROPPED WEIGHT

In this section an expression for the im-
pulse (i.e., area under the stress-time curve)
produced in the soil from a dropped weight will
be derived. This expression will involve the
peak stress generated in the soil and other
parameters of the dropped weight. 1In the next
section the expression will be correlated to
the peak stress and impulse from a nuclear sur-
face burst.

The stress generated in the soil from a
dropped weight (Equation 38) is shown plotted
in Figure 2 where the peak soll stress, %p
is defined as:

vO
-5 01T (39)

o
p

From Figure 2, the impulse, I , from a
dropped weight is given by:

14

o, 2t R n
0-:‘ <p(-l) (40)

4 2t
te e LR o o (-B ¢

n

== 0o I (-R)
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Since 0 < -R < 1 the sum, I, , of the

first n terms are given by (see Tieraey,
[13]

! 1 _(R?
L c1°p|:1+R-1+R] (41)

Letting n * < 1in this expression
produces

1
I = EI % T (42)

in which the result R+ 1 = T has been used.
To show that Equation 42 is what one would ex-
pect from a falling weight, we observe from
Equations 1 and 39 that

2 &) (1)
1 cl(Z P15 T\ T
= Zol V2gh

CORRELATION TO A NUCLEAR SURFACE BURST

From Equations 39 and 1, it 1is seen
that for drop heights of 40 ft or less the maxi-
mum stress that can be generated in the soil by
the dropped weight is around 1000 psi. This
assumes a soil dilatational wave velgcity of
1000 ft/sec and density of 100 1lb/ft”. Hence
we will focus our attention on the pressure
range of 1000 psi or less.

A plot of impulse and duration versus peak
overpressure for a 1-Mt nuclear surface burst is
taken from Crawford, et al. [7] and is shown
in Figure 3. The impulse produced from an

100

STRAIGHT LINE 0.5 W \1/3
APPROX. T = 2(P_ )V-3({2)
~ so TVt

™~

.

1710 (PSI-SEC)

10 - s A
1 10 100 1000 10,000
Figure 3 Duration and impulse versus peak
overpressure from a 1-Mt nuclear surface burst
(from Crawford, et al. [7]

explosion scales as the cube root of the charge
welght (see Baker, Westine, and Dodge [l4]; for
peak overpressures up to 1000 psi the impulse
can be represented by y

1/3
0.5
Iw - 2(Pso) (Tﬁ?) (43)

where
I, = in psi-sec
Pso = peak overpressure at the surface
(psi)
W = charge yield in TNT equivalent in Mt

Since Pg, 1is the peak overpressure at the sur-
face, it corresponds to o in Equation 42. To
correlate the dropped-weight induced soil stress
to that induced from the overpressure from a
nuclear surface, we set the impulse from the two
(Equations 42 and 43) equal and let Po=0, -
This produces P

2 (4) 2009 (k)

3 3
1 4 1.50
W= 1Mt (T) (E—l') Up (44)

or,

Similar expressions that relate the
dropped-weight parameters to triangular-shaped
representations (as defined by Crawford, et al.
[7) of the nuclear overpressure-time curve are
contained in Welch (6].

DURATION DISCREPANCY BETWEEN THE
DROPPED WEIGHT AND THE SURFACE BURST

Equation 44 equates a charge yield in
megatons from a nuclear surface burst to the
parameters of a drop test by requiring that
each has the same duration. From Figure 2, for
a l1-Mt surface burst between 30 and 1000 psi,
the overpressure time duration, t, , is fairly
constant and is about 1 sec. Since ty; is also
cube root scalable (see Baker, Westine, and
Dodge [14]), it can be represented as a function
of charge yield as

1/3
) (1 sec) (45)

W

ty (1 Mt

Using Equations 37 and 39, and considering the
period, tg , of the stress wave produced by
the dropped slab to be the time it takes for

the stress wave to decay to some fraction v
of the peak value produces

t t
az(t) int[%ﬁ] f;—[s-]
Y= —-—=(R = (-R
P

Therefore

c.g[“ ]ﬂud (46)
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Solving for /¢y from Equation 44 and
placing the results into Equation 46 gives

1/3
T -0.5 w 47
> (2 &n v) op (——1 t) 47)

ts T &n (-R

Recognizing that (-R) = (1 - T) and assuming
small values of T produces (see Selby, [l1l])

for -1 < T <1 (48)

& (-R) =2 (1 -T) = =T - % . % P I

® -T for small T

Placing this result into Equation 47 gives

t =

0.5 1/3
g= 2 tay) o (——) (A sec)  (49)

1Mt

Equation 49 gives the duration of the dropped-
weight induced stress pulse that simulates a
nuclear weapon of yield, W , in megatons and
at an overpressure equal to o, . This pulse
is considered to have terminated when the
stress level has reached a fraction, vy , of
the peak stress. The equality in impulse of
the dropped weight and the nuclear surface
burst has been assured by Equation 44. When
ty and tg are equal, the duration of the
two wave forms are also equal. Because of the

ACCELERCHE TE

4

difference in the form of their defining Equa-
tions 45 and 49, this will occur at only one
simulated stress level., Assuming a value of y
of 0.01 (i.e., assuming the pulse from the
dropped weight has terminated when the stress
levels have reached 1 percent of the peak stress)
and setting Equation 45 equal to Equation 49
gives

13
(-1L) (1 sec) = -2 tn (0.01) ~;°'5( Ly

173
Mt i m) {1 &ec)

or
o " 85 psi

Thus at 85 psi the dropped weight can
simulate the peak stress, impulse, and dura-
tion of a nuclear surface burst. Since tg
and ty4 have the same dependence on charge
yield, this will be true regardless of the
size of the nuclear weapon simulated.

Because of the inverse dependence of t
on the peak simulated stress (Equation 49),
at higher simulated overpressures, tg will
be smaller than t;, . At the maximum over-
pressure that the dropped weight can practi-
cally simulate (1000 psi), t, will be about
1/3 t.+ .

8

8

DESCRIPTION OF DROPPED-WEIGHT TESTS

The tests consisted of dropping large
concrete slabs onto a sand test bed in which
were located soil-stress gages and a velocity
gage (Figure 4). All tests except Test 6
employed a 65-in.-diam by 12-in.-thick circular
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Figure 4 - Test geometries for the eight dropped-weight tests
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concrete slab as the drop weight. 1In Test 6
a 19.5-in.-thick by 65-in.-diam concrete slab
was used. These slabs weighed 3580 and

5809 1b, respectively.

The test bed was formed from two 3.3-ft-
high by 22.8-ft-diam steel rings. These were
stacked on one another and filled with Reid-
Bedford sand to a depth of 5 ft. The sand
was vibrated as it was placed in the rings to
ensure uniform density. The test bed was
underlain by an approximately 2-ft-thick con-
crete floor.

Six 5000-psi range SE soll-stress gages
(Kulite Model No. 20-080U) and one Sandia Model
DX velocity gage were placed in the test bed
below the drop weight. The SE gages are
instrumented-diaphragm-type, soil-stress gages
and are adaptations of an original design de-
veloped at WES (Ingram {15]). The DX velocity
gage (see Perret, et al., [16]) consists of a
free-swinging pendulum which moves through a
viscous fluid and whose motion is detected by
a variable reluctance circuit. The velocity
gage was contained in an approximately 4-in.-
diam by 8-in.-long aluminum canister.

Three of the stress gages were placed
120 deg apart at a radius of 2 ft from the
test bed center and at a depth of 2 in. The
other three gages were placed near the center
of the test bed at depths of 2, 6, and 12
in, Each of these was offset slightly so
that the gage would not shadow any gages
below it. The velocity gage was placed near
the test bed center at a 6-in. depth.

All transducer signals were amplified
and then recorded on a 32-track FM magnetic
tape recorder. Throughput electronic system
response was about 20 kHz.

Additional comments concerning each test
are as follows:

1. Test 1 -- Conducted on a fresh test
bed. The 3580-1lb slab was dropped from 2.5 ft.
SE gage No. 1l at a 2-in. depth was broken.

2, Test 2 -- Test bed was not resur-
faced following Test 1. The 3.80-1lb slab was
dropped from 2.5 ft.

3. Test 3 -- Test bed was not resur-
faced. The 3580-1b slab was dropped from
10 ft. SE gage No. 6 at a 12-in. depth was
broken,

4. Test 4 -- Test bed was not resur-
faced. The 3580-1b slab was dropped from
10.0 ft. SE gage No. 3 broke.

5. Test 5 -- Test bed was not resur-
faced. The 3580-1b slab was dropped from
10 ft.

6. Test 6 -- Test bed was resurfaced.

7

This consisted of removing the SE gages at the
2-in, depth, adding sand to the small crater
created by the slab during the first five
tests, compacting it, and reinstalling the SE
gages at the 2-in. depth. The slab was then
lowered slowly onto the test bed to assure the
slab and test bed were parallel. The 5809-1b
slab was dropped from 10 ft.

7. Test 7 -- Test bed was resurfaced.
The 3580-1b slab was dropped from 10 ft.

8. Test 8 -- Test bed was resurfaced.
The 3580-1b slab was dropped from 2.5 ft.

TEST RESULTS AND ANALYSIS

The recorded velocity wave forms are pre-
sented in Figures 5 and 6. The recorded stress
wave forms along with the stress wave forms
predicted by Equation 38 are presented in Fig-
ures 7 and 8. In deriving the predicted wave
forms, the density and wave speed of the sand
was assumed to be 96 1b/ft3 and 1,000 ft/sec
and that of the concrete slab to be 155 1b/ft3
and 10,000 ft/sec. These are typical values
for these two materials.

Zero time on the displayed wave forms was
choosen arbitrarily for each test. Thus rela-
tive differences in shock wave arrival times
as detected on different gages on a single test
are correct; absolute arrival times are not.

The following seven observations are made
based on the stress and velocity data:

1. The rise times of the stress and
velocity pulses tended to decrease from Tests 1
through 3, to increase from Test 4 to 5, and
were significantly decreased on Tests 6
through 8.

2. Differences in wave arrival times
between stress gages at the same depth were
larger for tests with large rise times than
for tests with short rise times.

3. The relative magnitudes of the peak
stresses on a given test were primarily gage-
dependent and not depth-dependent.

4. The highest stress recorded on the
2-1/2-ft drop tests and on the 10-ft drop tests
tended toward the predicted values. This
tendency increased as the rise time of the wave
forms decreased.

5. The pulse durations from both the
19.5-in.-thick slab (Test 6) and the 12-in.~
thick slab (all other tests) for the measured
stress pulses of shortest duration tended
toward the predicted values. Again this ten-
dency increased as the rise time of the wave
form decreased.

6. A second and smaller pulse was ob-
served on the stress wave forms on many of the
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tests. On those for which the second pulse was
not observed, the first pulse was broad enough
to have obscured it.

7. A slight positive phase was observed
on most of the velocity wave forms.

The following three additional observa-
tions were made while the tests were being
conducted:

8. The slab did not bounce after impact.

9. On Tests 1 through 5, there was a
gradual growth of cracks and crevices (similar
to a dry creek bed) in the upper layer of sand
directly below the slab. The area affected
was about 2-1/2 ft in diameter and was off-
set slightly (about 6 in.,) from the center of
the shallow depression left by the slab.
(Note: The test bed was resurfaced after
Test 5.)

10. The density of the sand in the af-
fected area mentioned in 9 decreased from
pretest conditions (from v98 1b/ft3 to
92 1b/ft3).

Observation 1 indicates that the in-
crease or decrease of the wave form's rise
times was not caused by material properties
(they are not stress-magnitude dependent nor
are they constant) but is also due to the
nonplanarity of impact of the slab.
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Observations 2 and 3 further suggest non-
planarity of impact. Accordingly a triangula-
tion method, based on the stress wave arrival
times and/or the occurrence of peak stress,

was used to determine the degree of impact
nonplanarity. The results are shown in Fig-
ure 9. For Tests 1 through 3 it was possible
to determine both the initial point of impact
(as defined by the Angle A) and the tilt of the
slab at impact (Angle B). This initial point
of contact was always near stress gage SE2.
With the loss of SE3 on Test 4, it was possible
to define only a minimum value of the tilt
angle for the remaining tests. Because the
tilt of the slab was not dependent on the drop
height and because the initial point of impact
remained fairly constant, it is surmised that
the slab did not rotate during free fall but
was not parallel to the sand bed at its re-
lease. Because the tilt angles for Tests 2 and
3 were similar while their associated rise
times were quite different, it is surmised that
for larger drop heights (hence, higher impact
velocities) nonplanarity of impact matters
less. And finally because the wave forms from
Tests 6, 7, and 8 show much shorter rise times
(hence, much better planarity between the slab
and the test bed), it is surmised that impact
nonplanarity can be reduced significantly

with only a moderate amount of effort.

Observations 3, 4, and 5 indicate that
the linear elastic model presented is a good
approximate solution to the dropped-weight
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ANGLE A ANGLE B HEIGHT

TEST # (DEGREES) | (DEGREES) )
1 6.1 1.3 2.5

2 4.4 2.3 2.5

3 48.9 2.1 10.0

4 - 145" 10.0

s -- 1.2 10.0

IS - 0.67% 10.0

7 -- 5.69" 16.0

8 - 0. 21* 2.5

* Minimum vertical angle.

Figure 9 - Horizontal and vertical tilt of slab
at the time of impact as determined from the
data

problem, at least for near-field regions in
the sand. Differences between this solution
and the data appeared to have been caused by
the impact nonplanarity dicusssed above and
the occurrence of a reflected stress pulse to
be discussed below.

Observations 6, 7, 9, and 10 indicate
that the input stress wave was reflected at
the sand/concrete interface at the bottom of
the test bed and arrived back at the surface.
Here it would attempt to spall the sand as the
weight of the slab was overcome. The fact
that the affected area was offset from center
about 6 in. (Observation 9) indicates that the
tilt of the slab at impact was about 3 deg.
This is in agreement with tilt angles cited
earlier, The disturbance of the sand in the
vicinity of the stress and velocity gages by
the reflected stress wave is also believed
partially responsible for the stress data
scatter seen in Test 5,

Two other phenomena not mentioned were
observed on the velocity and stress wave forms.
While not necessary for an understanding of the
physics of the tests, they are cited and ex-
plained now for completeness. These are:

1. Beginning in Test 6, a 900-Hz "ring-
ing" was observed on the velocity traces.

2. Also beginning in Test 6, SE4 con-
sistently indicated a wave arrival time later
than SE5, despite the fact that SES5 is sup-
posed to be 4 in, directly below SE4.

Observation 1 is due to resonance in the
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DX velocity gage or its mount and has been ob-
served on other field tests. It did not occur
in Tests 1 through 5 because the impact particle
velocities did not contain frequency components
high enough and of sufficient magnitude to ex-
cite it. Observation 2 is believed caused by
the mislocation of SE4 when the test bed was re-
surfaced. It is suspected that SE4 was moved

to either the location of SEl or SE3 at this
time.

For another analysis of the data the
reader is referred to Robert Port's analysis
which appears in the report by Baum and Lodde
[17].

LIMITATIONS AND PROBLEMS OF THE
DROPPED-WEIGHT SIMULATION TECHNIQUE

The principal difficulty with the use of
a dropped-weight simulator is assuring the
planarity of impact of the dropped weight onto
the test bed surface. The falling slab has a
much slower velocity (“25 ft/sec for a 10-ft
drop) compared to the dilatational wave speeds
of most soils (1000 ft/sec to 6000 ft/sec).
When one portion of the slab strikes the soil,
a precursor stress wave is generated. This
precursor destroys the one-dimensionality of
the geometry and leads to the long rise times
and mitigated peaks observed during the tests.
To prevent serious degradation of the simula-
tion environment requires impact planarity
between the soil and dropped weight of less
than 1 deg, depending on the slab impact veloc-
ity and the soil dilatational wave speed.

Other limitations include: (1) maximum
peak stress, (2) size of the dropped weight,
and (3) test geometries for which the dropped
weight can be used. The limitation on peak
stress 1s a result of the low impact velocity
that can be produced for practical drop
heights. This limits the peak-simulated over~
pressure to about 1000 psi for most dry soils.

The size limitations of the drop weight
are a result of the requirement that the drop
weight must be lifted and held and it must not
break up on impact. This limits the size of
the area that can be loaded and the maximum
weapon that can be simulated.

If one assumes a 50-ton lifting and hold-
ing capability and a 2-ft-thick concrete slab,
the diameters of the slab and loaded area
become about 20 ft. If such a slab were
dropped 40 ft onto a sand test bed, then (from
Equation 44) it would simulate a nuclear weapon
of about 180-ton TNT equivalent at about the
1000-psi pressure range. This scales up to
l.4-kt, 9.2-kt, and 5.9-Mt TNT equivalents for
model testing of 1/2, 1/8, and 1/32 scales,
respectively. Such a test environment, even
with its small size, would prove useful for
many applications.

The last limitation is caused by the
boundary conditions imposed by the slab onto

_




the soil. This prevents the dropped-~weight
simulation technique from being useful for test-
ing buried structures at very shallow depths,
particularly in soft soils. The dropped

weight imposes continuity of stress and dis-
placement conditions on the soil surface. Since
the bottom surface of the slab is planar and
remains so after impact, it forces the soil
into a planar displacement boundary condition.
If a relatively hard spot exists in the soil
(e.g., a shallow buried, stiff structure) then
local stress concentrations will occur above
the structure as a result. If the same buried
structure were loaded through the soil by the
overpressure from a nuclear airblast, such
would not occur. Because of this the following
should be taken as a rule-of-thumb. If for a
simulation test one would expect the loading
from the nuclear overpressure to cause the
loaded area to displace at the surface un-
evenly, then the dropped weight probably should
not be used as the energy source.

CONCLUSIONS

1. The dropped-weight technique is a
valuable tool for simulating ground shock gen-
erated by nuclear airblast. It can be espe-
cially useful in a laboratory environment in
small-scale experiments where high explosives
cannot be used and repeatability is important.

2. As is seen in Figures 7 and 8, the
one-dimensional elastic solution for soil
stress agrees reasonably well with the experi-
mental data.

3. Due to limitations on practical drop
heights, the maximum peak overpressure that
can be simulated by a dropped weight 1is about
1000 psi.

4. The amount of weight that can be
picked up limits the size of the loaded area
and yield that can be simulated by the dropped
weight. A 2-ft-thick, 20-ft-diam, 50-ton
weight dropped 40 ft onto a sand test bed will
simulate the peak overpressure and impulse
from a 180-ton INT equivalent nuclear surface
burst at the 1000-psi level. For 1/2-, 1/8-,
and 1/32-scale models, the 180-ton yield scales
up to l,4-kt, 9.2-kt, and 5.9-Mt simulated
vields, respectively, on a prototype structure.

5. The duration of the stress pulse
produced by the dropped weight is generally
less than the duration from simulated nuclear
overpressure. At 80 psi the duration is about
the same. At 1000 psi the dropped-weight
duration is about 1/3 that of the simulated
nuclear surface burst.

6. The displacement boundary conditions
impused by the dropped weight on the soil sur-
face cause it to be unsuitable for testing
rigid buried structures at shallow depths in
soft soil.
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RECOMMENDATIONS FOR FUTURE WORK

Because the dropped weight appears to be
a useful tool for nuclear simulations, further
development of the technique is warranted. This
development should focus on five areas: (1) de-
veloping an adequate mechanism to detect time of
impact; (2) developing methods to ensure planar
impact of the dropped weight (an in-flight self-
leveling mechanism would be ideal); (3) devel-
oping methods to shape the input stress wave
form by employing drop weights of different
materials and cross section; (4) developing
additional driving mechanisms (besides just
free fall) to increase the impact velocity; and
(5) developing methods to better simulate the
boundary conditions imposed on the soil
surface.

Other possible uses for the dropped
weight need to be explored. These areas in-
clude in situ dynamic soil property testing
and calibration of development of ground motion
instruments,
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NOTATION

Al’AZ’Bl’BZ Constants

c Slab dilatational wave velocity
c, Soil dilatational wave velocity
g Acceleration of gravity

h Slab drop height

H Heavyside step function

H Ramp function
1 Impulse from dropped weight

I Impulse from nuclear surface burst
K  Impedance ratio, °1c1/°2c2
P Slab thickness

P Peak blast overpressure on the
surface

R 1-K/1+K

s Laplace transform

ts Period of soil stress wave
t, Blast wave positive phase
duration

T Acoustic transmission coefficient
vy Displacement in slab
u, Displacement in soil

u Laplace transform of u
v, Slab impact velocity

w Explosive yield

2 Vertical direction

Y Ratio of stress amplitude to peak
stress, = cz(t)/op

P Slab density

Py Soil density

% Stress in slab
9, Stress in soil
cp Peak soil stress
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ANALYSIS AND TESTING OF A NONLINEAR
MISSILE AND CANISTER SYSTEM

R.G. Benson, A.C. Deerhake, and G.C. McKinnis
General Dynamics Convair Division
San Diego, California

servative.

Analyses and tests were performed to evaluate the nonlinear vibration response of a
missile in its protective canister. A diametric rattle space exists between the missile
and the canister liner, an elastomer with load deflection properties that are approx-
imately exponential. Simplified MSC/NASTRAN transient response analyses
predict the response to be a series of repeated shocks with peak amplitudes that ex-
ceed some component allowables. A full-scale vibration test of this configuration
showed that the predicted response character is correct but that the amplitude is con-

INTRODUCTION

The original Tomahawk Cruise Missile System was
designed for torpedo tube launch from 688 Class Sub-
marines. Two significant design considerations were the
MIL-S-901C near-miss shock and MIL-STD-167
shipboard-vibration requirements. Both are imposed
while the missile is stowed in the submarine storage
rack. The Tomahawk-capsule assembly is moved from
the storage rack to the torpedo tube immediately before
launch. The design which evolved to meet these require-
ments consists of a close-tolerance steel capsule with a
thin elastomeric liner into which Tomahawk is inserted.
Aboard the submarine, the capsule is lashed to the
storage rack with sufficient force to elastically deform

the capsule onto the missile, closing the diametric gap
(rattle space) between the two. This design successfully
protects the missile against damage when subjected to
the aforementioned shock and vibration environments.

In the last few years, Tomahawk launch platforms
have expanded to include a mobile ground launcher and
two surface ship launchers. Unlike the submarine ver-
sion, the surface-launched vehicles are launched from
the storage location. For these vehicles the booster is
ignited in the canister. Sufficient clearance must be pro-
vided between liner and missile to accommodate both
missile and canister dimensional variances and booster
radial expansion. A schematic of the system is shown in
Fig. 1. In an attempt to avoid using an active system to
eliminate the rattle space during storage and to release
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SHOCK-MOUNTED LAUNCH PLATFORM

COMPONENT MOUNTING FRAMES (4)

MISSILE-TO-LINER

DIAMETRIC GAP

(RATTLE SPACE)

ALUMINUM BARREL

ELASTOMERIC LINER

CROSS-SECTION
(NOT 70 SCALE)

Fig. 1 — Schematic of missile in canister

77




a
DL

LI

- .
al R ey Sl e

. -
B

at launch, an evaluation of the effect of allowing rattle
space during shipboard and ground launched use was
undertaken. This paper presents the results of a full-
scale development test to investigate rattle space-
induced effects on vibration response. These test results
are compared to the pretest analytical predictions.

ANALYSIS

Missile response analyses were performed using a
modified modal transient solution. The nonlinearities
were included using techniques developed for the shock
analysis presented by Dreyer, et al., and Martin[1,2) to
predict the Tomahawk missile response to near-miss
shock excitation. The analysis is nonlinear for two
reasons: the rattle space creates a dead zone and the
elastomer which lines the canister inner diameter has a
nearly exponential force deflection curve (Fig. 2).

Normal modes were developed under the assuinp-
tion of a zero gap and a linear spring constant for the

LOAD
LINEARIZED
STIFFNESS FOR
MODE CALCULATIONS |

RATTLE SPACE

liner (dashed line in Fig. 2). Selection of the linear
spring magnitude was premised on minimizing the non-
linear perturbations within the range of anticipated liner
deflections. The equations to be solved are shown in
Fig. 3. Differences between the actual spring force and
that resulting from the assumed linear formulation are
treated by superimposing a displacement-dependent
force in the modal transient response analysis. The
MSC-NASTRAN code was used to perform these analy-
ses. Important simplifying assumptions were that the
rattle space was uniform over the length of the missile
and that the canister and missile were straight and
parallel. Tests of the liner material have shown that
there is a significant amount of hystersis in the force-
deflection characteristics, not addressed in these
analyses. Fig. 4 lists the calculated modal frequencies.

Enforced accelerations at selected frequencies
from the MIL-STD-167 sinusoidal vibration test
specification (Fig. 5) were used as canister forcing func-
tions. Fig. 6 shows that the calculated missile response

LINER STIFFNESS

MISSILE

A SPRING FORCE
IN TRANSIENT
RESPONSE EQUATIONS —

Y

DEFLECTION

Fig. 2 — Elastomeric canister liner-load vs deflection

SOLUTION IN GENERALIZED (MODAL) COORDINATES:

{X} =¢ {q'
MODAL EQUATION OF MOTION:

fal + [200] o} + [.2]

ot =[] [o]T tEm+FY

WHERE MODAL PARAMETERS ., M, & ARE CALCULATED USING LINEANZED LIMEN/RATTLE SPACE STIFFNESS

AND F IS DELTA NONLINEAR FORCE FROM ACTUAL LINEA/RATTLE SPACE SPANG ANO DAMPING CHARACTERISTICS

DELTA NONLINEAR FORCE:

Fi = F(XI - Xj) + Eﬂi-li) . ‘*l . i,)

WHERE i & | ARE POINTS ON EACH SIDE OF LINER/RATTLE SPACE SPRING

Fig. 3 — Tranvent respon-c cguaatonas
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K 4 7 (VERTICAL, YAW) ing liner configurations. The results indicated that a
canister with the ‘‘shock pads’ would meet the vibra-
': . tion and shock limitations for all components and the
‘:, 1 ] E SR ] £ 1 i production drawings reflect this design. However, it was
'0: X (ROLL) ¢ & Y (LATERAL, PITCH) fqund tbat there were producnblhty prol:)lems inherent in
;:-, this design. Tolerances on the canister liner could not be
e i 3 I 3 Ed I3 Ed held within the required specifications. The conse-
A AN AN AN quence was that the nominal rattle space had to be in-
4 creased from 0.070 + 0.050 t0 0.135 + 0.050 inches, to
i ensure that adverse tolerance buildup would not inhibit
“ Mode Frequency .o N p
K Hz) Mode Shape launch. Additionally, it had been found that the ‘‘shock
¢ ) 1920 | Misste lateral translation pads’’ were generally damaged or dislodged as the
W 2 1923 | Missie vertcal transiation missile was loaded into the canister. This made it im-
o 32 | e o perative to modify the liner design to eliminate them.
5 3035 | Missie first lateral bending Although t‘he missile response analyses for th'is new liner
. 6 3097 | Missile first vertical bending configuration were thought to be conservative because
3 7 4916 | Missie second lateral bending of the simplifying assumptions, the predicted responses
h) : ;2 gf x::::z - f;';evrzrf:r";z;dmg were of a sufficient magnitude to justify a development
: 0 8762 | Missile third vertical bending test. It was decided the factors such as liner thickness
. variation, hysteresis, and damping could be evaluated
) Fig. 4 — AUR finite-element model modal data only through a test program.
*
b to a 1.27 g input at 25 Hz is a series of repeated shocks
S that peaked at approximately 18 g for a rattle space of TEST SETUP AND TEST PROCEDURE
- 0.07 inch. This response level is far in excess (factors of
,3 5 to 10) of the defined sinusoidal allowables ot some of A full-scale vibration test was conducted to
WG the vibration-sensitive missile components. Comparing measure the response characteristics of the missile in a
oy a repeated spike loading environment to a sinusoidal canister with varying rattle space conditions. The test
,‘ allowable is not strictly correct. This was a major reason specimen consisted of an inert cruise missile test vehicle
- for using actual component hardware during the design (Launcher Test Inert Vehicle — LTIV) with actual hard-
,|. development testing. ware for the vibration-sensitive components. The
::q To reduce this predicted response, a set of ‘‘shock selected canister had the maximum internal diameter
' pads’’ were added to the canister liner, reducing the available and resulted in an average missile-to-liner
::, rattle space to zero at a critical component mounting diametric rattle space of 0.10 inch. Testing was con-
' station (Fig. 7). Fig. 8 compares the calculated ducted at the Naval Ocean Systems Center on a
responses to shock and vibration excitation for the vary- mechanical vibration table designed to test large
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Fig. 6 — Missile time history response — analytical excitation = 1.27g at 25 Hz
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Fig. 7 — Canister liner
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Fig. 8 — Calculated Tomahawk ship launch
shock/vibration response
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specimens to MIL-STD-167 requirements. Fig. 9 is a
schematic of the test setup and Figs. 10 and 11 are
photographs of the two configurations tested. Both
horizontal and vertical missile orientations were tested
to establish the effect of gravity on missile response.
Excitation was applied in the canister and missile ver-
tical axes (Fig. 9). The horizontal orientation corre-
sponds to the shipboard Armored Box Launcher (ABL)
and the Trailer-Erector-Launcher (TEL) used in the
Ground Launched Cruise Missile (GLCM) program.

_l 1 — STATION 20.6
(LTIV 40, 3, CAMSTER MO. 4,
AVERAGE RATTLE SPACE FORWARD -
OF STATION 130.6 = Q.10 M.,
RATTLE SPACE AT GUIDANCE SET = 0.12)
- — STATION 74.0
z
TOP VEW
AXTURE ~_| ! v
WSTRUMENTATION: . STATON 186.0
ACCELEROMETERS .
10 ON LTV e B
& ON GUIDANCE g --
1 ON ENGINE " /
2 ON CAMSTER
& ON RXTURE
)
STATION 243.0
[ ——
DIRECTION OF
EXCITATION

Fig. 9 — Test configuration for vertical orientation
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Fig. 11 — Vibration test fixture (horizontal orientation)

Vertical orientation of the test specimens represents a
portion of the surface ship vertical launch system (VLS)
configuration. The four mounting frames shown in
Figs. 8 through 10 correspond to canister support frame
locations which are common to these launch platforms,

Total weight of the LTIV, canister, and test fixture
exceeded 20,000 Ib in the vertical orientation and 12,000
Ib in the horizontal. The shaker used was a mechanically
driven device with no feedback control system. It is
designed to operate as a constant amplitude device that
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is controlled by the prerun positioning of eccentric
rotating weights. Weights and c.g. locations of the test
specimen extended the test facility to its functional
limits, particularly for the vertical missile orientation.
However, the facility was inexpensive and available,
and it was felt that any full-scale test data would be
valuable in both quantifying rattle space effects on
missile response and in validation and tuning of the
analytical model.
Testing for both the horizontal and vertical orienta-
tions was conducted for three constraint configurations:
® No shimming — missile-to-liner rattle space was un-
constrained along the missile length.
¢ One shim location — shims placed at station 20.6
between the support frame and the canister closed
the missile-to-liner rattle space to zero at this station.
¢ Three shim locations — shims were placed between
the support frames and the canister at stations 20.6,
74.0, and 156.0 to close the missile-to-liner rattle
space to zero at these stations.

Tables 1 and 2 show the matrix of test conditions.
The matrices were developed to explore the sensitivity of
missile response to excitation amplitude and frequency
within the capabilities of the test equipment.

DATA REDUCTION AND TEST RESULTS

The vertical orientation was tested and, as
predicted by prior analysis, a fixture resonance occurred
at 12 Hz. This was in the range of interest, as shown in
Figure 12a, which is an example of response curves as
measured by the NOSC real-time analyzer and shows
both the missile response and the support frame
response at station 20.3. To maintain the test level in
some cases, a resonance of this type will require a driv-
ing force beyond the shaker capability. However, the
system did not isolate and the shaker had sufficient
force to maintain the approximate test level above 12
Hz. Since the input at the four frames was not uniform,
it was decided to define the missile-to-canister trans-
missibility to be the ratio of the response on the missile,
adjacent ot a frame, to the acceleration on the frame, at
that station. In the horizomal case, fixture flexibility
was not a problem, and the excitation was nearly
uniform at the four frame stations.

As predicted by analyses, the missile response was
frequently characterized as a series of repeated impact
shocks, as illustrated in Fig. 12b. Response levels were
significantly lower (factors of 2 to 3) than had been pre-
dicted. Figs. 12a and 12b also illusirate a pitfall tha
must be avoided in this type of testing. The curves in
Fig. 12a were made from the NOSC analyzer. In com-
paring these data with the data of Figure 11b (Brush
recorder strip charts) at 30 Hz, obtained from the same
magnetic tapes, it is obvious that the analyzer introduc-
ed an apparent filter on the data, with the result that the
repeated spike loadings were smoothed and not recorded.

The NOSC analyzer converted the oscillatory signal
to a DC level by means of a rectifier. General Dynamics
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ACCELERATION (6)

TABLE | — Vibration-vertical orientation test matrix

Run Number — Vertical Orientation
Lateral Excitstion Frequency Range (Hz)
Zoro Rattie Space
0.10 In. Avg Station 16.3 Zero Rattle Space | Set Table Doubs
Rattie Space | 0.10 In. Avg at others | Sta. 18.3, 74, 156 Amp. inches 415 18-25 26-33 3440 41-50
7 8 14 0.006 X
3 11 15 0.010
4 12 16 0.020 X
5 13 17 0.040 X
X MIL-STD-167A LEVEL
19.56 * l/\ DOUBLE
Note double amplitude (in ) = L: Tie > AMPLITUDE
(hertz Nt ™
Example: 0.04 inch double amplitude excitation at 25 Hertz gives a peak G value of 1.28
TABLE 2 — Vibration-horizontal orientation test matrix
Run Number — Vertical Orientation
Lateral Excitation Frequency Range (H2)
Zero Rattle Space
0.10 In. Avg Station 18.3 Zero Rattle Space | Set Tabie Doubi
Rattie Space| 0.10 In. Avg at others | Sta. 18.3, 74, 156 Amp. Inches 415 16-25 26-33 3440 41-80°
2 13 14 0016
3 12 15 0.026
4 11 16 0 046
5 10 17 0 081 Xe»
6 9 18 0153 o X w—p
7 8 19 0195 e e
22 2t 20 0 003
* 80 HZ OR HIGHEST OBTAINABLE
X GLCM POINT
116 CONVAIR BRUSH DATA
112 NOSC “FLTERED” DATA AT 30 Kz EXCITATION
10.0 - LTIV: STA. 18.3
[Hittitee *NHNI‘HH
R 0 L A o B B Ni”nn il
mv\snmu 18.3 P i '"' lll]'lll"[
BEe” |
1.0 4 = \ - DEAL FAIXTURE -_-E
1 - 0 NPUT 0
y A IS
L 4+ 4 4 .--I-.- e =g * 2 T e e ol o - 4 4+ 4 4 4+ -
/1 ] VACTUAL WPUT
/ T/ FAXTURE STATION 20.3
0.1 S /
|- -4 4 TS G S Ty G WO T WS e e B e be ade e ol e e o
v
0.01
0 4 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 48 40 %0

FREQUENCY (H2)

Fig. 12 — Typical data samples
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experience with this type of system shows that it will at the input excitation frequency when it coincides with

produce a DC record that is exact for a sinusoidal input the component suspension frequency.
signal but will be 1 to 2 dB low for a purely random in-

put. Fig. 12b shows that the response is not sinusoidal CONCLUSIONS

and has a random amplitude.

All the response data presented herein were based The test results show that the analysis is conser-
on the Brush recordings. In no case was the response vative and needs to be modified to correlate with the test
symmetric when spiking was observed; the responses results. The analysis did correctly predict that shimming
being biased in one direction. This suggests that a larger at a single station would be effective in reducing overall
gap would not aggravate missile response for the vibra- missile response levels. Use of the transmissibilities in
tion levels tested. Figs. 14 through 19 to predict missile response to the im-

Although transmissibility in the strictest sense is a
linear concept, it is used herein as the ratio of the peak 6

H H . . - .
missile response to the corresponding frame input level. QO me-sr-ser sormr

Data shown in Fig. 13 illustrates the observed depen-
dency of transmissibility on amplitude and frequency of
the excitation. As expected, transmissibilities were
reduced when shimming was introduced. Figs. 14
through 19 are from Reference 3 and show the max-
imum measured transmissibilities at two missile stations
for each of the shimming arrangements and missile
orientations. Figs. 14 and 17 show that the maximum
transmissibility for the unshimmed case generally occur-
red for the horizontal orientations. Contrary 10 expecia-
tions, the gravity force did not reduce the response.

An unexpected result was that response of a shock-
isolated component was lower for the no shimming case
(Fig. 20). The reason for this is thought to be that when
the rattle space is eliminated, the system is nearly linear,
especially for small amplitudes. Thus the time history
response (Fig. 21) is nearly sinusoidal, resulting in a 0
component resonance response at 48 Hz. For the case 8.00 0.01 0.02 0.03 .04 0.0%
with rattle space, the response is not sinusoidal, rather it
is a series of shocks that excite a number of harmonics, SET EXCITATION - OA - INCHES

|\

» wearz
o8 WERTL \

TRANSMISSIBILITY - LTIV/FIXTURE

diffusing the input to many frequencies. Therefore, not Fig. 13 — Nonlinear relationship between
all of the input energy goes into driving the component transmissibility and amplitude
7 *I |
] HZh
6

AN
L LI A
11 NN *

0 ety
0 S5 10 15 20 25 30 3 40 45 SO S5 60
FREQUENCY (HZ)

-

TRANSMISSIBILITY LTIV/FIXTURE

“ e ot

Fig. 14 — T envelopes, horizomal and vertical, station 18.3, no shims
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posed vibration environments showed that for the un-
shimmed case, the two critical component allowables
would be marginally exceeded for some frequency
ranges of the imposed vibration. During post-test in-
spection, both of the vibration-sensitive components
were found to be functional, except for damage caused
by bolts backing out. Although the tests were imperfect
because of lack of feedback control and fixture
resonances, the results were encouraging and have
shown that a design with rattle space is feasible. This
design concept is being pursued.
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0 35 40 45 S0 55 €0
I vertical, station 18.3, three shims

In the coming year a prequalification test of a
Tomahawk missile in a production canister with rattle
space will be performed. The test will be performed with
servo-controlled electrodynamic shakers, using the
horizontal missile orientation. This was the worst case
observed in the recent test and has the advantage of
minimizing fixture flexibility effects. Testing will be per-
formed in all three missile axes. The mathematical
model will also be modified to correlate with these test
results, This calibrated analytical model is needed to
evaluate various rattle space distributions as well as to
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DISCUSSION

Voice: In your =analysis did you assume the

missile was translating from the canister?

Mr. McKinnis: Yes, we assumed it was

translating.

Voice: 1In the test did you make any provisions

to ensure that it would translate uniformly, or
did you want it to pitch?

Mr. McKinnis: 1In the horizontal configuration

the whole canister translated almost
uniformly. We did have it tied down at the back
with tie-down bolts. They allow it to rotate
some. So it is probably not a good assumption
to let it do that.
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BIO-DYNAMIC RESPONSE OF HUMAN HEAD DURING WHOLE-BGDY VIBRATION

CUNDITICNS

B.K.N.RAO
Department of Mechanical & Production Engineering,

Birmingham Polytechnic, Perry Barr, England

SUMMARY
Studies have shown that many commercial and military vehicles transmit high
acceleration levels to the occupants in the frequency regions of 1 to 30 Hz,
wherein lies the major body resonances. These bodily resonances influence the
performance and psychology of drivers and passengers in various ways depend-
ing upon the magnitude of vibration inpmt, posture, nature of task, attitude,
etc. In the vehicle ride application area, it is now realised that the trans-
mission of these vibrations to the head of occupants may significantly effect
their dynamic visual acuity, resulting in ®'tunneling' and/or ‘*blurring* of
vision. Very few studies have been cited in the literature concerning the
transmission of vibration from feet-to-head, or/and from seat-to-head. Owing
to a limited number of subjects employed, limited postures, different faci-
lities and experimental techniques, the results of these studies have been
interpreted in different ways. Also, most of the data refers to military per-
sonnel and its application to civilian population raises some doubts. Clearly,
a need exists for accurate information on the head transmissibility character-
istic of the human head, by exposing subjects from the civilian population to
low frequency sinusoidal and random vibrations in the frequency range of 1 to

30 Hz. This paper covers the results obtained for various postures and diffe-
rent conditions.

mechanical shake table. The seated erect
posture was standardised and the head res-
ponse obtained by strapping an accelero-
meter to the subject's head. The results
exhibits two resonances, one in the region
of 2-2.4 Hz and the other at 4.8 Hz and the
authors observed that the head in a non-
linear fashion. Non-linearities have also
been noted by Edwards and Lange (10), Vogt,
et al (1l1), and Wittman and Philips (12),
whereas, lange and Edwards (13) and Lee and
King (14) have claimed that the head resp-

A T ITERATURE SURVEY

some attempts have been made in the past
to study the transmission of vertical
vibration to the human head from the feet
and the seat in various postures. Coer-
mann (1) in 1938 compared the motion of
the head of ten male subjects standing on
a vibrating platform(driven by electric
motor) with of the platform itself, in
the frequencv range of 20 to 140 Hz, and
demonstrated a resonance in the region of
20 Hz. Yon Bekesy (2), Muller (3) and

lockle (4) made measurements at lower
frequencies and showed head resonance in
the 8-12 Hz ranae., Investigations carr-
ied out by latham (5) and Dieckmann (6,7)
showed the same general trends but diffe-
red in detail due to differences in re-
cordina methods, and differences in the
mechanical behaviour of subjects. Dieck-
mann's results, which are based on one
subject exhibit two resonances, one in
the region of 20-30 Hz, Radke (8) con-
ducted investigations into the vibration
transmission behaviour of the head of
standing and sitting subjects and the re-

onse is linear. Using improved techniques,
Coermann (15) studies the vibration trans-
mission from feet to head and seat to head
of one subject, in the frequency range of

1-20 Hz., He showed multi-resonances for an
erect seated posture, with peaks at appro-

ximately 2.5, 5,11 and 15 Hz, while for the

standing erect posture only two resonances
have been observed, one in the region of 5

Hz and the other in the region of 12-13 Hz.

To obtain the data, light weight accelero-
meters were mounted on the top of the head
with an elastic bandage. Although, the re-
sults obtained fron these studies provide

sults show that in the sitting posture,
the head resonates in the frequency range
of 2-4 Hz, Although the position of the
accelerometer is shown, the method of
mountinag is not given, Guignard and Irw-
ing (7) studied the head transmissibility
of ten male seated subjects, by using a

some basic seful information on the resp-
onse of the head, they suffer from the foll-
owing drawbackss (a) the vibrators employed
in majority of the studies were of electro-
mechanical types, which might heve signifi-
cantly distorted the fundamental waveform
thus contaminatina the data, (b) in some
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cases, only one or two subjects have been
employed, (c) it appears that, in most
cases, very few civilians were emploved.
(d) there exixts wide variations in ex-
perimental methodologies and measurement
techniques, and (e) in some cases, no de-
tails have been given about methods of
securing accelerometers.

Other reported studies have emploved
better facilities and better experiment-
al techniques, to evaluate the dynamic
response of human head to vibrations.
Pradko, et al (16) employed transfer
function techniques to investigate the
transmissibility of the head accelerat-
ion to the input acceleration of a total
of fortyone seated erect subjects(all
military personnel). They employed both
random and sinusoidal vibrations in the
range of 1-60 Hz. Random vibrations em-
ployed were of a white noise type, fil-
tered through 2 Hz and 10 Hz band pass
filters. Results, in general, showed
strong linearities between head accele-
ration and input acceleration. The mean
transmissibility of the head accelerat-~
ion fo input acceleration shows two re-
sonant peaks, one at around 4 Hz and the
other at around 20 Hz. During the in-
vestigation, the accelerometer was taped
to a flexible brass plate to facilitate
mounting and a wide band adhesive tape
was used to restrain the accelerometer
from independent movement relative to
the head. Rowlands (17) employed a swept
sine technique to determine the frequen-
cy response of the human body, in the
frequency range of 1-30 Hz and presented
acceleration amplitude ratio and phase
angle plots of head and shoulder for ei-
ght various seated postures and limb po-
sitions, He employed six male subjects
and three acceleration levels. The in-
vestigation was carried out by using a
multi-axis electrohydraulic vibrator
which was designed to produce low acce-
leration waveform distertions not excee-
ding 15%. The results of the head/seat
response for an average subject, for all
the conditions and levels, showed two
peaks, one at 3.5 Hz with an amplitude
ratio of 1.25 and the second at 13.5 Hz,
with an amplitude ratio of 1.83. In be-
tween, the curves formed a dip at 8 Hz
with an amplitude ratio of 0.3. He also
found that the head/seat response was
slightly non-linear, and that body pos-
ture had considerable influence on the
vibration transmitted to the head. A sp-
ecially designed head harness which
could be adjusted to individual require-
ments was used, The accelerometer was
secured onto the harness. Using a man
carrying electrodynamic vibrator, Gri-
ffin (18) conducted an experiment with
12 seated civilian subjects and six le-
vels of vibration, at 12 frequencies
ranging from 7-75 Hz. The principal
finding was that body posture had consi-
derable effect on the vibration trans-
mitted to the head. Transmissibility
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was calculated in terms of head to seat
acceleration ratio. Slight non-linearities
were noted in the head response at fre-
quencies below 25 Hz. He employed a ‘'bite-
bar* consisting of a thin steel sube 15
cms in length covered with nylon tubular
sleeving and a 14 cms rod attached to one
end, and at the other end of which an
accelerometer was secured to a magnesium
block. This was placed in the mouth of
the subject who was asked to bite firmly
on the nylon tube and to ensure that the
bar remained approximately horizontal,
Gary and Ross (19) made head/table tra-
nsmissibility measurements of 12 male

and female civilian standing subjects, in
the frequency range of 1-50 Hz. The test
table was driven by a hydraulic vibrator.
Transmissibility results have been pre-
sented in terms of displacement ratio at
the head and feet with various accelera-
tion levels being employed. The results
show resonant peaks in the neighbourhood
of 2,6,20 and 40 Hz, and the authors have
claimed good linearity in the head resp-
onse. Measurements were made by bolting
the accelerometer to a plexiglass frame,
which was strapped to subject's head.

In this study, an attempt has been made
to accurately determine head to feet and
head to seat transmissibility ratios VS
frequency responses of eight civilian
male subjects, standing and sitting in
various postures. This has been made pos-
sible by utilising digital spectrum ana-
lysers. All acceleration measurements
from the head have been made by employing
a light weight miniature accelerometer,
which was carefully positioned in sub-
jects' mouth and firmly gripped with their
front teeth,

EXPERIMENTAL METHOD

A total of eight healthy male subjects,
representing students, academicians, ard
technicians volunteered to participate in
a series of experiments which will be de-~
scribed at a later stage. Table 1l gives
the subject details. The following eight
typical postures have been considered: (a)
Subjects standing straight(Fl), (b) Sub-
jects standing straight with arms stretch-
ed as in a typical reading situation(P2).
(c) Subjects sitting erect with palm on
knees(unrestrained and not leaning against
the backrest) (P3), (d) Subjects sitting
erect with palms on knees{unrestrained

put leaning against the backrest) (P4),
(e) Subjects sitting erect with arms stre-
tched as in a typical reading situation
(untestrained and not leaning against the
backrest) (P5), (f) Subjects sitting erect
with arms stretched as before(unrestrai-
ned and leaning against the backrest)(P6),
{(g) Subjects sitting erect with palms on
knees(leaning and restrained against the
backrest) (P7), (h) Subjects sitting erect
with arms stretched as before(leaning and
restrained against the backrest) (P8).
While adopting the above postures, sub-
jects were asked to completely relax and
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to keep their head as strainht as possi-
ble, and to avoid all unnecessary body
movements, dhile standina, thev were asked
to keep their heels together and feet
spread at an included angle of approxima-
tely 45 , and to Keep thelr body wei-
aht distributed equally on both feet.
In the arms stretched posture, subjects
were asked to hold an A4 size clippinn
board, weighinag approximately 410 grams,
so that its center marked by ‘X' was at
their eve level, and at a distance of ap-
proximatelv 35 cms from their eyes. While
sittina, the subjects' feet were kept flat
on the vibrator foot rest and the upper &
lower legs were maintained perpendicular
to each other. While adopting restrained
postures, subjects sat on the seat as far
back as possible, supported against the
rakkrest in a normal way, without apply-
inog extra force at any point., A car seat
bPelt was used to study the effects of the
restraint system on the subjects during
vibration. Subjects were asked to tighten
the seat belt in a snug-fit fashion. In
the unrestrained leaning posture, same
procedures as described above were followed.
Throughout the investigation, constant
checks ensured the maintenance of the
adopted postures.
The stimulus Adetails are shown in Table 2.
A speciallv desianed electrohvdraulic vi-
rrator which could be used for human fac-
tors work was emploved (20). The accele-
ration waveform Aistortion produced bu
the vibrator was in the ranae of 15-20%.
Four levels of 'ronstant velocv' type of
randor vikratior inputs were emploved,de-
*a4ils of which are aiven in Table 3. All
random vibratior studies were carried out
bv emploving some ‘ide Simulator vibrators,
as Adescribed by Ashleyv (21),

TABLE

the 1nput ani at the head. The 1input acce-
leroreter was used to monitor the accele-
ration levels at subject's feet and seat.
Measurement of head acceleration was made
after orlienting the accelerometer in its
malanced position and aripping its hori-
zontal flat surfaces by the front teeth in
the balanced position. The end of the cable
carrvina the accelerometer was not allowed
to fall abruptly from subject's mouth, in-
stead, the end of the cable was gently
lifted up and held in level with the head
accelerometer by another subject, or the
experimenter who also kept a close watch
on the positioninag of the head accelero-
meter and on the attitude of subject's
head durina vibration conditions.

Since the electrohydraulic vibrators em-
ployed in this study produced high percen-
tage of acceleration distortion on the
fundamentals, it was considered necessary
to separate the fundamentals from the har-
monics. This was achieved by carrying out
spectral analysis on the acceleration sig-
nals which was passed through a digital
spectrum analyser{(Ubiguitous Model UA6 &
1510/UA-500A) which could perform the Fourier
Transform at a very high rate and in real
time, and calculating the head/table acce-
leration amplitude ratios of the fundamen-
tals. By this method it was possible to
accurately determine the head response at
any chosen frequency. Because of the limited
capabilities of spectral analysers, it was
not possible to extract phase information.
Amplitude information on the fundamental
vibration was obtained after averaging the
spectral information 16 times.

EXPERIMENTAL FROCEDURE

The experimental procedure consisted of
exposing each subject in a given posture
2

Prequencv(iz) 2.5 4 6 8 10 13.5 15

17.° 20 2c 30

#.MU5, acceleration
level at feet/vikrator

Low Input(L)

Medium lnput(N) High Input(H)

. subjor&éseat inter- 0.64
face (ms )

1.32 2.0

Cscillator used:- Precision Oscillator made by lrossor Scientific limited,

TABLE 3
Input levels Mean r.m.s. gsceleration Facilities used
(ms 7)
11 0.3 (a)i'seudorandom sianal ~ener.toy v
12 0.h4 (b)'Constant Velocity Filtert . v~
1.3 1.32
14 2.4

Two accelerometers(Endevco 2265-20) were

used to measure the acceleration levels at
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a duration of approximately a minute,
during which time the shaker table in-
put and head response acceleration signals
were spectrally analysed. By usina the
cursor or the calibrated X-Y plotter,
r.m.s. acceleration amplitudes of the two
signals at a given frequency were accura-
tely determined. The exposure duration of
one minute was chosen in order to provide
sufficient time for the subjects to sta-
bilize their aiven posture and to obtain
an ensemble average of 16 spectra under
steady state conditions. The averaging
process was carried out to improve the
signal-to-noise ratio and hence the accu-
racy of the results. The input level was
gradually raised to the next higher level
and maintained over a duration of one mi-
nute during which time the two signals(in-
put and head response)vere spectrally ana-
lysed and the amplitude ratio calculated.
The input level was raised gradually to
the next higher level and the whole pro-
cedure repeated. After a brief rest, the
sub ject was exposed to another frequency
selected at random, and the whole proced-
ure repeated, until all frequencies were
covered.

In order to decide on the number of mea-
surements to be made, some limited spec-
tral measurements were repeated four times
on one subject at several frequencies &
the acceleration amplitude ratios calcu-~
lated. The results showed repeatability
of results within narrow limits of +10%.
It was therefore decided to make one spe-
ctral analysis at each instant and to
make a single amplitude measurement on
the fundamental frequency.

Similar procedures to that described
above were applied to evaluate the trans-
missibility characterestics of the head
to random vibrations. The r.m.s. accele-
ration levels at subject's input and
output ( head)were monitored by passing

the acreleration signals through low-
pass (0-30 Hz) filters (Krohn-Hite) &
measuring the filtered signals with a
time-domain analyser (JM1860). The head
transmissibility spectrum for each sub-
ject and posture was obtained after sub-
tracting the input spectrum from the

head spectrum at various frequencies.

A general layout of the experimental
arrangements to evaluate the trans-
missibility characterestics of the head
to sinusoidal & random vibrations is
shown in Fioure l.gjnce the object of this
study was to explore the vibration levels
present at the head with respect to a
specified input level, rather than the
dynamic load that the subject imposes

on the system, i.e. impedance, the fre-
quency response approach has been pre-
ferred to the more usual impedance app-
roach.

92

CCELEROMETER l" plotter

sirusoidat
ostiilator A

‘ fitter(0-30n2)
Ear]
ime domain
FIGURE. 1

GENERAL LAYOUT OF EXPERIMEN TAL ARRANGEMENTS TO EVALUATE THE
BIO-DYNAMIC RESPONSE OF MUMAN HEAD T0 SINUSOIDAL AND RANDOM
VIBRATIONS

RESULTS AND DISCUSSIONS

SINUSOIDAL STUDIES

The r.m.s. acceleration data collected from
each posture, at various levels and fre-
quencies were converted to acceleration
ratios, by dividing the r.m.s. head acce-
leration by the respective r.m.s. input
acceleration., From the pooled ratios of all
the individuals, mean and standard devia-
tion values corresponding to each frequency
and level were calculated. The results of
all the postures were collated from which
graphs showing mean acceleration ratio ver-
sus frequency have been plotted and are
shown in Figures 2 to S.
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As is seen from these figures, the mean
data points are connected by a smooth
curve to reveal the shapes of transmissi-
bility characteristics. From the pooled
mean data, information on the first reso-
nant frequency, the mean amplitude ratio
of the fundamental peaks, mean damping
factor, second resonant frequency, mean
amplitude ratio at the second resonance,
mean damping factor, frequency of the dip
together with the mean amplitude ratio,
are presented in Table 4.

The damping factor,¥Y , was calculated by
using the formula (22),

1 fn
3 = T where Q .f2_°Tl

where, £, and f, are side band frequencies.
These pognts ar® also referred to as the
half-power points(at -3 db). f_is the re-
sonant frequency(Hz), and Q rePers to the
sharpness of resonance. It must be realised,
that the the values of Yare only approxi-
mate, as the values of fn are extrapola-

ted from the curves.

From the analysis, the following general
conclusions emerges-

(a) Within the range of 2.5 to 30 Hz, all
the curves exhibit the characteristics of
two-defree-of-freedom system, with the
first peak occuring in the range of 4 to

6 Hz (mean peak amplitude ratio ranging
from 0.82 to 1.87). 1In between the two
peaks, the curves shows a dip in the fre-
guency region of 8 Hz with the mean amp-
litude ratio ranging from 0.41 to 0.68.
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An examination of the curve shapes reveals
that the first peaks are much sharper than
the second peaks. The mean rate of fall-
off of the second peaks have been found
to be between 9 to 12 dB/octave. Approxi-
mate calculations of (damping factor)
from the two peaks reveal that the first
is slightly heavily damped (mean' rang-
ing from 0.43 to 0,.56) than the second
(mean Y ranging from 0.33 to 0.5).
Comparison of resonant frequency results
obtained from this study with that of
Dieckmann(7), Rowlands(17) and Gary &
Ross(19), in general, shows good agree-
ment .

Comparison of acceleration amplitude ra-
tios obtained from the current findings
with that of Dieckmann(7) shows good ag-
reement., Whereas that obtained from Row-
lands(17) showed first mean amplitude
ratios in the range of 1.12 to 1.62 and
second mean amplitude ratios in the

range of 0,85 to 1.88. The mean amplitude
ratio at the dip was found to lie in the
range of 0.2 to 0.63, The first peak
showved a damping factor of 0.72, follow-
ed by a very lightly damped second system.
From a phase lag point of view, Rowlands
showed the existance of two sub-systems
for the first peak, both heavily damped
followed by a further two lightly damped
systems for the higher peak,

To correctly define the number of degree-
of-freedom involved in a multiple system
such as the human body, information on
amplitude ratio and phase at various
closely spaced frequencies are needed.
Since the number of data points presented

9%

in this paper are very limited and cover

no phase information, it must be realised
that the conclusion arrived at defining the
order of the system is only tentative.
Results gathered from various tests, in
gemeral, showed large standard deviation
values in the frequency region of 2.5 to
17.5 Hz, whereas above 17.5 Hz the varia-
tions gradually diminished. The causes for
the large varjations in the low frequency

range may be attributed to (a) subject vari-

ability, (b) involuntary postural varia-
tions under dynamic conditions, and (c)
rotational and transverse movements of the
head. At high frequencies, these effects
appear to have little influence on the vi-
bration transmission behaviour of the head.
Existence of rotational an ransverse
movements of head/subjects were exposed to
vertical vibrations have been reported by
Walsh(23), Simic(24), and Rance(25). The
results have also shown that stretching
the arms in various postures do not signi-
ficantly influence the vibration transmi-
ssion to the head.

(b) From the results gathered, some postures

have shown slight non-linear trends. Out
of these some showed a decrease in resomant
frequency associated with an increase in
amplitude ratio and others have shown in-
crease in resonant frequency with an in-

crease in amplitude ratio as the input level

increase. These observations are, however,
only approximate as they are based on a

limited number of distantly spaced frequency

points. By applying the swept sine tech-

nique, Rowlands(17) has observed an increase
in the maximum amplitude ratio and its asso-

ciated resonant frequency, as the input
level decreased. Griffin(1l8) has slso
noticed slight non-linearit